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Wh«n  Oov«miiMiit  drftwinf ■,  spcolfioatioiui,  or  other  data  aro  iiaad  for  angr 
purpoao  other  than  In  ooiMotion  with  a  definiteljr  related  Qoremment  procure¬ 
ment  (^ration,  the  United  Statea  Oorernment  thereby  inoure  no  reap<»aibilitgr 
nor  any  oUigation  whateoever;  and  the  fact  that  the  Ooverament  may  hare 
formulated*  fumiahed,  or  in  any  way  euppliedthe  said  drawinge*  epeeifieatione* 
or  other  data,  ia  not  to  be  regarded  by  in4>lieation  or  otherwiae  ae  in  any 
manner  liceneing  the  holder  or  any  othar  peraon  or  corporation,  or  conveying 
any  righta  or  permieeim  to  manufacture,  uae.  or  aell  any  patented  invention 
that  may  in  any  way  be  related  thereto. 


Qualified  requeetera  may  obtain  copiea  of  thie  report  from  the  Armed 
Servicea  Technical  information  Agency.  (ASTIA).  Arlington  Hall  Station. 
Arlington  12.  Virginia^ 


Thie  report  baa  been  releaaed  to  the  Offloe  of  Technical  Servicea.  U.S. 
Departnaent  cf  Commerce.  Wellington  25.  D.C..  in  etook  qpantitiea  for  eale 
to  the  general  public. 


Copiea  of  thie  report  ahould  not  be  returned  to  the  Aeronautioal  Slyetenaa  ' 
Divielon  unleee  return  ia  required  by  aeeurity  ocmeideratione.  oontraotaal 
obligations,  or  notioe  on  a  apeeifio  document. 
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of  boo  netala  partioularljr  during  yield  dalby*  It  ia  ahown  that  the  re¬ 
orientation  of  interatitial  i^nnritiea  ^>parently  controla  both  the  pre- 
yield  nioroetrain  rate  and  the  tiM  to  yield*  The  aodel  ia  aupporbed  for 
tantaluB  and  ooIuiMum  by  the  reanlta  of  yield  delay  ejqperininta  orer  a 
te^»rature  rcnge  from  -97‘’F  to  UOO^.  AotiTation  energiea  of  the  yield 
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at  the  higher  tenperaturee*  Teaperature  inaenaitive  atreaa  effecta  are 
noted. 
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atratea  the  occurrence  of  anelaatie  lattice  straina  during  load  application 
and  their  eoneequent  recovery. 
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IMTRODUCnON 


Ih«  apaelflo  porposa  of  thla  inreatlgatlon  waa  to  aatabliah  tha  praaenea 
of  dalajad  jrlald,  pra-yleld  ■leroeraap  and  ralatad  atraln  rata  affaota 
in  tantalua  and  eolnabluB  and  to  dataxaine  tha  major  aa^ianlaao  controll¬ 
ing  theaa  affecta.  Froa  pravlona  aiporimenta  on  aol^bdanum,  anothor  bodj 
cantarad  cubic  aetal,  it  was  established  that  interstitial  Inpurltiaa, 
by  a  aechaniSB  analogues  to  the  Snoek  effect,  contribute  significantly 
to  the  pre-yield  aioroereap,  and  apparently  play  s  controlling  function 
in  tha  yield  delay  and  strain  rata  sensltirity  of  the  aaterial.  A  major 
portion  of  the  present  Inrestigatlon  waa  devoted  to  detect  siallar  phen¬ 
omena  in  tantalum  and  coluablum.  The  contributions  made  by  Interstitials 
to  tha  analastlo  behavior  of  bcc  netala  awy  be  susawrlsad  in  the  following 
aannart 

In  a  typioal  yield  delay  expexiaent  tha  interstitials  contribute  to  tha 
anelaatlc  ira-yield  deforaation  (aicrocra^p),  by  diffusion  controlled 
reorientation  of  interstitials  Into  preferred  lattice  sites.  Consequently, 
alcrooreep  can  be  considered  a  result  rather  than  cause  of  yield  delay* 

Ibe  diffuaion  pLanoaenon  itself  should  also  have  a  controlling  effect 
on  the  yield  delay  tine  by  reducing  potential  and  actual  barrien  to  the 
propagation  of  dislocations  in  preferred  slip  planes  and  by  reducing 
Cottrell  atmospheres  about  dislocations* 


Manusor^  released  by  the  authors  Nov  1962  for  publication  as  an  ASD 
Technical  Oocuaentary  Report* 
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IB  th«  OBM  of  atroln  roto  oiporlMnts  a  aiallar  aodal  ean  bo  hTpothosisad* 
Oaring  tlia  load  apiilieatlon,  diffooioa  of  Intaratitiala  into  prafarrad 
poaitioaa  takaa  plaoa  aiailtanaoualjr  with  the  alaatio  dafonmlion.  Oa- 
pandiog  on  tha  ralatiwa  rataa  of  tha  diffoaion  and  of  the  alaatio  lattioa 
atrain,  tha  raduetion  of  baniara  md  Cottrall  atnoapharaa  prior  to  jrlald 
will  rtry,  raaulting  in  a  rarlation  of  tha  iqipar  yiold  point  with  atrain 
rata. 

Ihia  nodal  ia  baaiealljr  not  in  oonfliet  with  tha  dialooation  nodal  of 
analaatioit/  bat  eoip^lananta  tha  lattar.  lha  dialooation  nodala  of 
ylald  dala/  haro,  to  data,  glvan  no  oon8ldax%tion  to  radiatribution  of 
Intaratitiala i  but,  it  haa  long  baan  aatabliahad,  flrat  by  Snoak,  that  thia 
la  a  raal  phanonenon.  To  aatabliah  lAiathar  tha  propoaad  iiqnirlty  nodal 
haa  validity  tha  following  axperlnantal  avidanoa  waa  to  bo  aatabliahad. 
yirat,  tha  aetlvatlon  anargjr  of  idoroeraap  nuat  have  functional  dapandanea 
on  tha  aetivation  anargjr  of  dlffuaion  of  tha  intaratitiala  praaant. 
Sacondljr,  non-elaatic  lattioa  dafomation  due  to  raorientation  of  Intar- 
atitlala,  owl  not  only  alip  dafomation  duo  to  dialooation  notion,  aaiat 
ba  praaant  daring  tha  pra-ylald  dafomation  prooaaa.  Silrdly,  ttie  uppar 
ylald  point,  aithar  in  ylald  dalay  or  atrain  rata  aoqparinenta,  nuat  ahow 
a  dapandanoy  on  tha  aetivation  anargy  of  intaratitiala. 

It  la  obvloua  that  tha  dlffuaion  rataa  of  noat  oonaon  intaratitiala  in 
tha  lattioa  aithar  at  vary  low  or  vaiy  high  taaq^raturoa,  ara  auoh  that 
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prafarrtntial  reorientation  is  either  too  alow  or  too  fast  to  produce 
ai«7  observable  anelastio  effects.  This  is  easily  understood  if  ws  define 
anelasticity  as  the  condition  at  ahich  strain  is  lagging  the  applied 
load  in  tinsj  or,  at  idiich  the  strain  is  out  of  phase  with  the  applied 
stress.  Therefore,  this  portion  of  the  investigation  was  confined  to 
the  loW  end  Mdiun  tenperature  range  (•10o‘*f  to  -t-UOO^F)  for  both  tantalus 
and  eolniri)lun. 

The  second  phase  of  this  investigation  is  aiaed  at  high  tenperature 
anelastle  behavior  of  tantalua  and  colusbiun.  The  eoctant  of  this  phase 
is  such  that  it  aiust  be  considered  an  initial  effort  only,  for  the  pur¬ 
pose  of  establishing  esq^rinantal  nethods  and  exploratory  data. 

At  high  taBQ>eratures  the  causes  for  anelasticity  in  bee  antals  have  not 
as  yet  been  precisely  defined,  fven  the  characteristics  of  anelasticity 
at  hi^  teag>eratures  have  only  been  very  sketchily  observed.  Prinaiy 
indications  that  anelasticity  does  in  fact  exist  cones  only  froa  a  nusber 
of  eaqpexinents  indicating  the  re-^>pearanee  of  upper  yield  points  at  very 
high  temperatures  and  the  presence  of  strain  rate  sensitivity.  FMa  the 
previous  experiawnts  it  appeared  Justified  to  anticipate  a  direct  relation 
between  these  two  phenoaena  and  anelasticity.  As  stated  earlier,  inter¬ 
stitial  ispurities,  at  least  in  snail  concentrations,  cannot  be  expected 
to  produce  anelastio  behavior  at  hi|^  teqperatnrea  except,  pezhape»in 
cold  worked  aetals.  It  was,  therefore,  lim>ortant  to  first  hypothesise 
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and  ajqparinantalljr  Teriiy  vhloh  baalo  aatazlal  propartlaa  or  eonatltoenta 
oao  eontributa  to  analaatio  bahaTlor*  Baaad  on  astimtad  aotlratlon 
anerglea  and  other  aridenoa  a  nunbar  of  contributon  ean  ba  antloipatadt 
aubatittttlonal  iq>uritiea,  grain  boundarlae  b7  naans  of  grain  boondaxy 
Tiaooaltjr,  pairs  or  larger  aggregates  of  interstitials  in  satoratad 
aetals,  and  possibly  dislocations  norlng  with  their  Inpurlty  atnoai^iaras 
or  slowad  down  by  spaolflo  barriers.  Hi|b  teaperature  internal  friction 
studies,  yield  delay  and  strain  rate  ezperlnents,  as  well  as  oaiwful  con¬ 
trol  of  the  naterial  properties,  are  considered  the  basic  requlrenents  to 
approach  the  problen.  To  prevent  the  various  possible  oontrlbutors  to 
anelastlcity  frow  producing  undue  conq>lexlty  of  the  problnn  it  was  decided 
to  use  grain  slse  variation  as  the  first  variable  paraneter  in  this  in¬ 
vestigation. 


THEORETICAL  BACKGSOUMD 


DISLOCATION  MGDEl 


Ho8t  of  the  recent  theories  on  the  enelaetic,  pre-yield  behavior  of  hoc 

(1)  (2) 

■stale,  e.g..  Iron  and  molybdenua  ,  are  based  on  a  pure  dislocation 

■odel*  Basically  the  assunptlon  Is  nade  that,  during  yield  delay,  a 

nunber  of  dislocations  propagate  In  slip  planes  with  suitable  orientation, 

relative  to  the  applied  stress,  and  thus  cause  an  observable  nlerocreep 

rate.  •  Dq>endlng  on  the  applied  stress,  the  extent  of  propagation  of  the 

dislocations  is  limited  by  barriers  in  the  material,  such  as  grain  boundaries ■ 

Dislocations  pile  up  at  these  boundaries  until  their  coehined  stress  Is 

sufficient  to  overcoae  these  barriers,  thus  causing  ■acroscopic  yield. 

The  tine  required  to  generate  a  sufficient  number  of  dislocations  for  the 

Initiation  of  aiacroscople  yield  Is  identified  as  the  yield  delay  time.  This 

concept  was  originated  by  Fisher  who  derived  iq^ropriate  relations^ 

Introducing  the  activation  energy  for  the  nucleation  of  the  dislocation 

loops  from  their  Cottrell  ataosi^eres  during  the  pre-yield  deformation. 

(  U  ) 

Those  relations  were  later  modified  by  Freeland  and  Wood  to  Include 
the  effects  of  bade  stress  of  the  activated  dlslooation  loops. 


In  their  simplest  fom,  based  on  the  original  work  by  Fisher,  these  re¬ 
lations  may  be  exiressed  as 

"ty  «  A  e.  b  0*1 

e.  *  B  c.  ber  RT  (1) 
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ytitn  ty 

K 

a,b 

% 

y 

b 

ai  ,ff 

f(W.) 


tlM  to  jriold 

mleroo^rain 

faetoro  rolotlyoly  InoonoitiTo  to  toqperatoro  and  atrosa 

anergj^  par  anit  langth  of  dialoeatlon  4ian  froo  froa 
aolata  atoaa 

anargp  par  nalt  langtb  of  dialoeatlon  in  tha  proaeneo 
of  aolnto  atoaa 

Bargara  Tootor 

the  appliad  rtioar  and  tonailo  atraaa,  roapaetlToly 
COS- '  ( r/  Yo  )-  >/ro  ( I  -  >•/  yc)^ 


It  nagr  bo  apoeiflcally  noted  that  tbasa  eaq>roa8lonB  Inplj  that  tha  logarltfaa 
of  tha  dalagr  tina  aa  wall  aa  of  the  microstrain  rate  are  Inrarsely  pro¬ 
portional  to  tha  applied  atrosa.  Vhen  eqpariaental  data  vara  fitted  to 
thaaa  tbaoratleal  a:q>rossions  hf  Vraeland  and  Wood,  it  was  found  that  the 
aqjlrieal  raLuas  of  -PC  '*’/>  e  )  lad  to  unuaualljr  saall  raluea  of 

I  —  eoaiparod  with  tha  energy  ratioa  calculated  by  Cottrell 

a  discrapanoy  of  a  factor  of  50  was  determined  in  the  case  of  iron.  This 
large  factor  may  be  reduced  somaiiiiat  by  introducing  the  suggestion  by 

(  5  ) 

Cottrell  that  tha  dislocation  segments  iznrolTed  in  Ihe  yielding  pro¬ 

cess  nay  be  aignifleantly  smaller  than  the  length  of  Frank  Read  source. 

For  example,  the  ezistenee  of  actiwa  dislocation  elements  of  a  length  of 

(  6  ) 

^pproziBately  10  b,  is  suggested  by  the  work  of  Mura  and  Brittain  . 
Howsrarf  with  Ibasa  dimensions  the  line  energy  of  the  aetiTe  dislocation 
is  changed  by  a  factor  of  about  two  only  and  does  not  nearly  account  for 
tbs  observed  dlscrqianeiy. 
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Several  Inveetigatora  have  alnoe  proposed  that  the  preyield  deformation 
prooesa  la  controlled  by  an  activation  energy  iriiich  is  a  linear  function 
of  the  applied  etreea  rather  than  an  inverse  function. 

(  7) 

For  example,  Pelffer  in  a  reoent  analysis  indicates  that  the  yield 

delay  tine  should  be  described  by  a  relation  similar  to  that  derived  by 

(  8  ) 

the  authors  during  earlier  morlc  on  molybdenum  . 


According  to  Pelffer 


_1_ 

7“ 


-  Eq-V'ct 
e,  RT 


(2) 


where  *1^ 

N 

Eo 

v- 


Debeye  frequency 

nttal)er  of  dLslooatlon  segaents  that  have  moved  before 
macroseopie  yielding  occurs 

activation  energy 

activation  voIum  of  dLslooatlon. 


Pelffer  used  the  same  ejqperimental  data  iriiieh  yielded  an  apparent  veri¬ 
fication  of  Relatiuns  (1)  to  show  the  applicability  of  Iquation  (2). 

Some  insight  into  the  queetlon  of  idwther  one  would  expect  Cottrell's 
dislocation  model  to  apply  has  been  thought  to  be  obteinable  from  measure¬ 
ments  of  the  variation  in  lower  yield  stress  with  average  grain  diameter 
for  different  teqperatnres.  Ifae  usual  Patch  type  equation 
would  be  expected  to  ^pply.  In  this  eqnation^y  ==  tr^SL"^  ie  a  measure 
of  the  stress  required  ahead  of  an  equilibrium  dislocation  pile-up  to 
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unlock  c  Trank-Read  aource  from  Its  Cottrell  ataoaphera 


Ue  refer  to  an  excellent  reTlav  for  the  teiqperature  dependence  of  each 

(9) 

of  the  coi^wnent  e]9>re8SlonB  In  the  Fetch  equation  .  It  haa  been 
concluded  that  the  sharp  Increase  in  the  yield  point  with  decrease  in 
tenperature  is  not  connected  with  the  fastening  of  dislocations  hf  the 
Cottrell  "clouds". 


In  particular,  the  A.  factors  in  tantalum'  '  and  colunhium'  '  appear 
to  be  by  a  factor  of  six  to  ten  smaller  than  in  iron  or  molybdeniua.  This 
implies  that  the  Cottrell  locking  in  the  two  metals  (Ta,  Cb)  is  very  weak 
indeed. 


(10) 


(11) 


Strong  temperature  dependence  of  the  upper  yield  stress  is  not  in  agree¬ 
ment  with  such  a  conclusion*  It  was  therefore  felt  that^  at  least  at  the 
upper  yield  pointy  the  Cottrell  mechanism  is  still  a  controlling  factor 
in  the  bcc  metals  under  investigation*  Since  yield  follo%fing  yield  delay 
occurs  somewhere  between  the  upper  and  lower  yield  pointy  by  the  ustial 
definition^  it  must  be  assumed  that  Cottrell  or  other  interstitial  -  dis¬ 
location  interactions  must  be  given  consideration*  Also^  observations  of 

the  Bordoni  peaks  by  various  investigators  point  toward  efficient  inter- 

(12) 

stitial  locking'  • 

The  relati^  insensitivity  of  ly  signifies  the  existence  of  some  athenaal 
mechanisms  in  the  yield  process  in  addition  to  or  in  place  of  the  thermally 
activated  unpinning  of  dislocations.  This  was  pointed  out  by  Conrad  and 
Schoeck  The  Ay  factor  may,  e.g.,  describe  the  athennal  generation 
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of  dislocations  in  or  near  grain  boundaries  from  sources  other  than  the 
Frank-Read  torpe  source* 

INTEaiSTITIAL  DIFFUSION  MODEL 


A  critical^  theoretical  evaluation  of  all  Available  data  was  initiated 
to  establish  whether  the  pure  dislocation  model  of  pre-yield  anelasticity^ 
and  its  inherent  uncertainties^  could  either  be  reconciled  with  or  replaced 

(8,  Hi,  IS), 

by  a  model,  as  formerly  suggested  which  takes  into  account  the 

contribution  of  interstitial  diffusion. 


(8) 

Previous  wozic  on  molybdenum  resulted  in  a  semiempirical  description 
of  the  observed  microcreep  and  strain  rate  data  thich  had  the  form 


a 


i 


(r(i) 


t 


+  K  n  n ; 


Q.  - 

RT 


_  Ant 

^  dt 


(3) 


o 

Ihe  first  term  on  the  right  side  of  the  equation  corresponds  to  the  purely 
elastic  strain  and  the  integral  to  the  time  dependent  anelastic  strain 
caused  by  reorientation  of  interstitials  for  an  arbitrary  stress  history* 

A  conq)lete  derivation  of  Equation  (3)  is  given  in  Appendix  A* 


Though  Equation  (3)  provides  a  suitable  description  of  experimental  data 
both  for  roicrocreep  and  strain  rate  sensitivity,  it  did  not  yield  an  en¬ 
tirely  satisfactory  theoretical  interpretation  of  these. data.  The  acti- 

(16)  (17)  (18) 

vation  energies,  ,  for  iron,  molybdenum  ,  and  oolunbium 

appear  to  indicate  beyond  any  doubt  that  interstitial  diffusion  repre¬ 
sented  a  controlling  mechanism*  However,  the  value  of,  ,  is  in  all 
eases  an  order  of  magnitude  or  more  greater  than  could  be  calculated,  by 
basic  thermodynamic  theory,  from  the  change  of  energy  with  strain  c)U/<^£.^ 
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of  an  Intaratltlnl  in  ita  prafaxrad,  non-praferred,  or  saddla  point  position* 


U 


Appendix  B  contains  a  discussion  of  tha  effect  of  stress  on  diffusion 
rates  together  with  calculations  of  as  based  on  e:g>erimental  infor- 
■ation  on  the  nartensitic  transformation  in  bee  metals* 

Numerous  Tariations  of  Equation  (3)  were  inrestigated  based  on  other 
empirical  descriptions  of  both  the  yield  delay  and  strain  rate  phenomena* 

For  example^  it  can  be  shown  that,  over  the  normal  range  of  stresses  in 
yield  delay  experiments,  the  data  obtained  in  this  investigation  cai  also 
be  represented  either  as  linear  or  inversely  proportional  functions  of 
stress  e*g*,  cr  or  o/t  *  Both  produce  <pparently  straight 

line  relations  for  any  given  tenperature*  It  was  feasible  to  satisfactorily 
fit  the  experimental  data  obtained  in  this  Investigation  to  these  and  other 
relations,  at  least  over  a  major  portion  of  the  stress  ranges  used*  However, 
none  of  Ihe  forms  suggested  to  date  provide  a  non-empirlcal  interpretation 
of  the  experimental  data  if  a  pure  interstitial  model  is  used* 

PBDPCBBD  MODEL.  DISLOCATION  -  INTERSTITIAL  INTERACTION 

A  re-evaluation  of  the  yield  delay  model  led  to  a  satisfactory  solution* 
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It  was  concluded  that  the  pre-yield  deformation  mechanisms  must  Indeed 
be  described  by  the  combination  of  a  dislocation  and  interstitial  diff¬ 
usion  model. 

The  stress  levels  causing  yield  delay  are  always  sufficiently  hl^  to 
activate  a  number  of  dislocation  segments.  The  probability  that  dislocation 
segments  are  propagated  from  their  source  is  governed  by  the  jump  frequency 
which  is  an  exponential  function  of  the  activation  energy  .  Ihe 
latter  Is  determined  by  immediate  barriers  such  as  Cottrell  atmospheres  and 
the  Peierls  barrier  of  the  material.  The  jump  frequency  is  enhanced,  or 
the  activation  energy  lowered,  by  the  tppllcatlon  of  a  stress.  The  fact 
that  dislocation  motion  is  a  jump  process  has  been  demonstrated  experi- 
mentally^^^^ , 

During  microcreep,  the  length  of  the  dislocation  segments  free  to  move 
under  the  applied  stress  is  determined  by  the  density  of  the  interstitials 
locking  the  dislocation.  In  Appendix  C  it  is  shown  that  interstitials 
below  a  positive  dislocation,  provide  maximum  locking,  and  that,  on  appli¬ 
cation  of  a  stress,  interstitial  positions  in  the  slip  plane  correspond 
to  preferred  positions  relative  to  the  positions  below  the  dislocation. 

Consequently,  if  the  applied  stress  is  less  than  the  tq>per  yield  point, 
the  propagation  of  the  line  segments  is  possible  only  if  the  interstitials 
in  the  looking  position  diffuse  into  preferred  positions  under  the  influence 
of  the  applied  stress.  Therefore,  the  action  of  each  dislocation  segient 
is  controlled  by  the  probabilily  that  an  interstitial  is  not  present  in  the 
locking  position. 


U 


IhlB 


b«  •J^rMied  M 


a) 


Vher* 

|sJq  ■  mobar  of  dislocation  segaents  bloelcsd  bgr  interstitials 
fron  propagating  a  priaary  distance,  d* 

'X^  ■  effective  decay  constant  (or  Juap  frfqueney)  of  dis¬ 
location  segment  not  locked  by  interstitial 
Xj  ~  effective  decay  constant  of  interstitial  into  neigh- 
boxing,  vacant  site* 

The  decay  constant  X  ^  ,  must  be  considered  in  the  ligh  t  of  the  int  er- 
stltlal  -  dislocation  interaction,  and  of  the  effects  of  an  applied  stress. 

Now,  using  the  same  notations  as  used  elseebere  for  interstitial  diffusion 

it  has  already  been  shown  in  the  discussion  on  the  pure  Interstitial  diff¬ 
usion  model  and  in  Appendix  A  that  the  activation  energy  has  a  stress 

d^ndency  Qx  =  Qo  ~  J2.  CT  ,  where  X  only  depends  on  the  lattice 
strain.  It  has  also  been  shown  that  the  drift  velocity  of  impurity 
atoms  is  affected  by  the  stress  field  of  the  interstitials  themselves. 

This  can  be  ejqpressed  in  teims  of  '\f  = 
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Die  force  tera  P  ,  due  to  the  etatlo  streee  field  of  a  dlalooatlon  la 
noraalljr  defined  aa  A/r**  ,  where  r  la  the  diatanoe  between  the  Inter- 
atltlal  and  the  dlalooatlon  and  A  la  a  conatant  which  dependa  ont  the 
miafit  of  the  Interatltlal,  £  }  the  shear  modulus,  ^  I  the  burger  vector, 
b  f  and  the  radius  of  the  host  atoas,  •  An  early  definition  of  A  * 
by  Cottrell,  la  of  the  fora  A*  4yM.b£»i.  Mura  et  have  shown 

that  the  force  factor  F  la  In  addition  an  i^arently  linear  function  of 
the  applied  stress.  They  postulated  that  the  applied  stress  Increases 
the  length  of  the  unpinned  portions  of  the  dislocation  by  bulging.  This 
In  turn  affects  the  line  tension  of  die  dislocation  and  consequently  its 
Interaction  with  Impurltlee.  Thus  Vj  *  /  R-T)  F 

It  was  then  theorised  that  during  the  pre-yield  deforaatlon  process  the 
dislocation  will  also  affect  the  energy  of  the  Interstitials  In  various 
Interstitial  positions  near  a  dislocation  and,  as  a  result,  produce  pre¬ 
ferred  positions  Into  idilch  the  Interstitials  will  diffuse  and  peralt  the 
dislocation  to  propagate. 

The  ■atheaatieal  fonmilatlon  of  this  theory  Is  presented  In  Appendix  C. 

It  is  shown  that  a  difference  In  the  activation  energy  of  diffusion  exists 
whldi  is  direotly  proportional  to  the  tenperature  and  the  applied  stress. 
As  shown  In  Equation  (($)• 

AV-  -  ba-gj  RT  (6) 

-^TTCxA 
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Ihl*  iMds  to  a  diffusion  coefficient  of  the  fora 


fcT  Do  GXp  (7) 

Eqiution  (  7  )  has  considerable  consequences  and  removes  the  empiricism 

introduced  by  Equation  (  3  )•  the  l&tter  equation  the  coefficient 
vaa  shorn  theoretically  to  be  entirely  too  snail  (Appendix  B)  to  account 
for  eiqperinentally  observed  stress  effects*  Also  all  experimental  data 
Including  those  presented  in  this  report  show  that  the  stress  effect  on 
the  activation  energy  is  very  temperature  insensitive  over  the  observed 
range* 

It  must  also  be  cautioned  here  that  ‘X  is  not  independent  of  the  inter¬ 
stitials  after  unlocking  has  taken  place*  Interstitials  in  the  slip  plane^ 
e.g*,  thou^  not  participating  in  the  locking  process  do  exert  a  force  on 

the  dislocation  and,  thus.  Influence  its  motion*  Such  a  consideration 

(21  ) 

will  require  a  modification  of  the  treatment  by  Seeger  et  al  yho  have 
e3q)re88ed  the  rate  of  fonnation  of  unlocked  dislocation  bulges  by 

'U'=  A  otfD  (8) 

Hera,  A  is  Just  the  frequency  of  oscillation  of  a  dislocation  in  the  Peierl's 
potential  well  and  H  the  corresponding  activation  energy.  A  should  be 
modified  to  Include  the  force  effect  due  to  interstitials  located  in  the 
slip  plane  in  the  nei^borhood  of  the  dislocation. 
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starting  with  Iquation  (ii)«  both  the  tine  to  yield  end  the  mlcrostraln 
rate  prior  to  yield  can  now  be  defined. 

Bcpiatlon  (4)  can  be  rearranged  to  read 


which  can  be  lanedlately  Integrated.  UtlUalng  the  approach  of  the  pure 
dlaloeatlon  nodel  which  aeaunee  that  a  critical  nunber  of  din  locations 
Huet  be  propagated  before  nacro8C(9ie  yield  occurs,  we  can  define  the 
Units  of  integration  by 

1^0=  ^Oo~  (the  yield  deUgr  Um) 

Integration  over  these  Units  yields 


=  X, 


-\xt^ 


or 


Mdo— 


)] 


(10) 


Xx  '«  /Ad  NJOo-bJcir 

The  relatlTs  dependenee  of  the  yield  delay  tine  on  the  interstitial  diff¬ 
usion  Hschanlsn  Is  quite  obvioas  fron  Equation  (10).  The  following  gxufh 
indicates  the  lulatlon^lp,  (noting  that  Is  Inversely  proportional 
to  the  tins  constant,  'T^  ,  of  the  interstltlid  Juap  nedianlsn). 


-^a_i 


'^x(='/Ai) 
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With  this  rssttlt  the  description  of  the  pre-yield  mlcrostrsln  end  strsin- 
rste  esa  now  also  be  reoonoiled  with  all  eq>eriaental  date*  It  is  still 
■aintained  that  niorostraln  occurs  due  to  the  redistribution  of  inter¬ 
stitial  atoas  into  preferred  positions*  Ibis  redistribution  is  the  result 
both  of  the  strained  lattice  and  the  dislocations  atte^>ting  to  propagate 
under  the  applied  stress  during  preyield  shear  deforaation* 

The  nierostraln  is  a  function  of  the  aisflt  or  sise  of  the  interstitial 
atOBS,  the  awerage  lattice  orientation  of  the  aetal  under  Inrestigatlon, 
and,  of  course^  the  densitgr  of  the  interstitials.  Ihe  microstrain  rate 
can  be  defined  as  before  (Appendix  A)  by 

e  =  CTj  =cri.  (n) 


with  the  ■odificatlons  for  the  interstitial-dislocation  Interactions  this 
leads  to 


1-j.crF'Do 


-  Qa-£a- 

J2.  RT 


@<r  -^I't 

A 


(12) 


which,  as  observed,  is  constant  during  the  initial  portion  of  a  yield 
delay  eoqwrinent,  l*e.,  «hen  <<  I  .  The  constant,  C  ,  is  pri- 

■arily  a  function  of  the  distribution  of  the  lattice  orientations. 

(22  ) 

It  nsgr  be  noted  that  Professor  Dom  showed  experinentally  that  the 
stress  effect  on  the  aetiTstion  energy  of  creep  (■aeroscoplc)  behares 
in  a  similar  manner,  i.e.,  is  apparently  Independent  of  teagwrature. 
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Bqaatlon  (  12)  shows  also  that  if  the  tlas  “t  beeonss  large  relative 
to  X  ^  the  strain  rate  approaches  sero* 


It  is  noteworthy  that  during  numrous  expeilBents  the  strain  rate  indeed 
^iproached  sero  prior  to  yield.  If  the  observed  nicrostrain  was  {irimaiily 
due  to  the  propagating  dislocations  it  is  difficult  to  conceive  that  yield 
should  have  occurred  after  the  propagation  or  generation  of  the  dislocations 
had  oeased.  On  the  other  hand  it  is  very  conoeimbls  that  the  prlnxy 
locking  Interstitials  in  non-preferred  positions  will  becons  exhausted 
or  reach  an  energy  equilibrium  with  those  in  the  preferred  position. 
Vhile*thls  will  terminate  the  process  of  anelastlo  a  training,  the  dis¬ 
locations  will  continue  to  propagate  under  the  ai^lled  stress  until  yield 
occurs.  Ihe  speed  of  these  dislocations  will  then  be  controlled  by  other 
inperfections  including  the  effects  of  interstitials  not  in  locking  position 
as  discussed  previously. 


Of  Interest  for  the  evaluation  of  experimental  data  and  the  definition 
of  the  interstitials  are  the  activation  energies  of  both  the  yield  delay 
tine  and  the  mlcrostrain  rate.  Ihe  foxmt  of  Equations  (10)  and  (12) 
indicates  that  a  simple  e3q)ression  for  the  activation  energy  does  not 
exist*  except  under  certain  conditions  idien  first  order  approximations 
can  be  introduced.  For  the  general  case  we  nay  consider  effective  acti¬ 
vation  energies  deflnsd  by 


t 


e  » 


(13) 
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In  Appendix  B  the  effective  eetivntlon  energiee  ere  eelculeted  for  both 
processes.  The  iresults  ere 


(lit) 


2r^==ii 


(IS) 


It  can  be  seen  that  both  effective  activation  enargies  are  temperature 
sensitive  even  if  only  one  type  of  interstitial  participates  in  the  pro- 
cess*  This  teiqerature  sensitivity  increases  considerably  when  more  than 
one  type  of  interstitial,  each  with  its  own  activation  energy  of  diff¬ 
usion,  participates*  The  effective  activation  energies  for  either  pro¬ 
cess  are  then  given  by 


>•1  Qi 
Ito; 


(16) 


idle  re  the  G}/a  and  are  the  effective  activation  energy  and  weight 

factor,  respectively,  of  the  liK  diffusion  process*  The  weight  factors 
are  prieariJy  detemined  by  the  relative  initial  density  of  all  inter¬ 
stitials  participating  in  the  dislocation  locking  process* 


18 


Die  generalized  expression  of  Equation  (16)  and  Equations  (lli)  and  (15) 
indicate  thatf  1)  as  the  tenperature  is  varied  different  types  of  inter¬ 
stitials  Mill  aake  the  prinaxy  contribution  to  the  preyield  anelastlc 
deformation  process)  2)  at  any  given  tenperature,  the  length  of  the  pre- 
yield  deformation  process,  l*e,,  the  time  to  yield  determines  how  many 
types  of  interstitials  may  have  significant  effects. 

It  is  obvious  if  the  activation  energies  of  two  or  more  types  of  inter¬ 
stitials  are  of  nearly  equal  magnitude,  they  will  all  contribute  simul¬ 
taneously  to  the  anelastio  brtiavior  independent  of  tine  and  taiq>eratare. 

The  temperature  dependence  of  the  various  activation  energies  is  analogous 

(22) 

to  the  experimental  findings  of  Professor  Dom  idio  has  shown  that  the 
activation  energies  for  creep  (macroscopic)  are  very  tenperature  sensitive 
\mtll  a  temperature  is  reached  such  that  apparently  the  self  diffusion 
provides  the  only  controlling  mechanism.  After  that  Ihe  activation  energy 
is  constant  with  respect  to  temperature  over  the  range  of  observation. 

To  suaurise,  the  following  conclusions  have  been  reached  based  on  theo¬ 
retical  conaiderations  and  Influenced  by  all  experimental  results  to  date 
on  the  preyield  anelastlc  behavior  of  bcc  metals  containing  traces  of 
interstitials I 

Ihe  time  to  yield  during  yield  delay  eaperiments  is  determined  by  the 
capability  of  looked  dislocations  to  move  out  of  their  Interstitial  atmos¬ 
phere.  Consequently,  the  juiq>  frequency  of  interstitials  out  of  looking 
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positions  into  prsfsxrsd  positions  bs«  a  controlling  sffset  on  ths  yield 
delay  tins*  Ihis  is  conqpatlble  with  previous,  purs^disloeation  nodels 
idiioh  define  the  tias  to  yield  as  ths  tine  required  to  propagate  a  eritleal 
nunber  of  dislocations* 

Preyield  nlcrostrain  is  a  direct  result  of  the  interstitial  reorientation* 
A  Snoek  eodel  does  not  suffice  to  describe  this  reorientation  neehanlsm* 
Dislocations,  under  an  lulled  stress,  have  a  much  greater  effect  on  the 
activation  energy  of  diffusion  than  the  elastically  strained  lattice.  Tbs 
resulting  effect  on  the  junp  frequency  of  the  interstitials  is  very  in¬ 
sensitive  to  tenperaturs.  It  has  also  been  shown  that  the  activation 
energies  are  linear  functions  of  the  applied  stress* 

Die  effective  activation  energies  based  either  on  the  yield  delay  tine  or 
the  micro  strain  rate,  are  both  temperature  and  time  dependent*  These  de¬ 
pendencies  become  very  significant  if  more  than  one  type  of  intentitial 
is  present  in  the  metal  under  investigation. 
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TENSILE  EXPERIMENTS 


DISCUSSION 

lha  first  objectlvs  of  the  tensile  sjqperinents  was  to  establish  the  prs- 
senee  and  nagnitods  of  yield  delay  and  pre-yield  micro  creep  in  tantalum 
and  columbium  in  the  medium  ten^rature  range.  Ihe  second  and  more  in^rt- 
ant  objeotiTe  was  to  obtain  as  much  insight  as  possible  into  the  basic 
mechanisms  and  properties  controlling  the  enelastic  phenomena  in  these 
two  bee  metals. 

When  designing  the  eoqperiments,  the  basic  assungitlon  was  made  that  the 
pre-yield  anslastlc  deformation  follows  an  Anhenlus  type  behavior,  i.e., 
all  time  dependent  meehanlssu  are  flinctlons  of  a  characteristic  activation 
energy,  is,  of  course,  the  same  assumption  which  results  from  the 

theoretical  background  discussion.  Therefore,  the  determination  of  the 
activation  energies,  as  well  as  their  dependence  on  tesperature  and  on 
the  applied  tensile  stress,  became  a  primary  goal  of  this  wozic. 

The  activation  energies  of  interest  are  those  of  the  mleroereep  with  stress 
applied  to  the  specimen,  of  the  time  to  yield  again  with  the  stress  applied, 
and  of  the  recovery  of  any  nonsLastic  strain  on  removal  of  the  load. 


As  in  asy  eiperimental  effort,  the  influence  of  uncontrolled  parameters 
had  to  be  prevwited.  In  this  case  this  required  Identielty  of  each  sat 
of  specimens  with  respect  to  mechanical  history,  prs-aperinsntal  heat 


treatasnts,  and  oonatltuants.  It  also  requirad  that  any  Internal  stress 
Introduced  during  specimen  preparation  be  renored.  Because  an  extensive 
paranetrlc  study  on  single  crystal  tantalum  and  columbium  vas  economically 
unfeasible.  It  vas  desirable  to  use  specimens  of  rather  small  grain  sixes 
vlth  random  orientation. 

It  vas  possible  to  meet  most  of  thf  objectives  of  the  tensile  experiments 
vlth  the  exception  of  obtaining  quantitative  results  from  the  yield  delmy 
recovery  experimente.  The  relatively  slow  speed  of  the  thermal  diffusion 
process  prevented  the  establishment  of  a  rigorous  tine  scale  for  the  re- 
covexy  in  this  set  of  e:q>erlments, 

BiraitIMEIITAL  TKCHNiqjES 

Specimens 

The  a|>eoianns  for  all  tensile  experiments  vere  of  Identical  geometry;  0,2$ 
Inches  In  diameter  by  10  Inches  long.  The  center  six  inches  vere  reduced 
to  a  diameter  of  0.2U5  Inches.  The  round  configuration  vas  chosen  to 
minimise  the  surface  to  volume  ratio.  The  length  of  the  specimens  vas 
determined  from  thermal  considerations  and  represents  the  minimum  length 
at  thick  the  teaqwrature  gradient  over  a  tvo  Inch  gage  length  Is  negligible 
for  fti  temperature  conditions  imposed.  The  reduction  of  the  center  portion 
of  the  specimens  Is  only  necessary  for  experdments  belov  room  tesperature 
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and  prevents  yield  and  necking  outside  the  gage  length.  Above  room  temp¬ 
erature  the  gage  length  Is  at  a  teiqperature  sufficiently  higher  than  that 
of  the  other  portions  of  the  specimen  to  guarantee  Initiation  of  yielding 
near  the  center  without  reduction  of  geometxy.  However,  all  specimens  were 
machined  to  the  same  dimensions  to  obtain  Identical  coldwoxk. 

Die  chemistry  of  both  the  tantalum  and  columbium  was  cerefully  checked. 

In  the  vendors  laboratozy,  prior  to  dellvezy  and  prior  to  the  experiments, 
l.e.,  after  the  completion  of  pre-experlmental  specimen  pr^>aration.  The 
material  was  electron  beam  melted  and  delivered  In  stress  relieved  fono. 

The  following  tables  give  the  results  of  the  vendors  analysis  (Wah  Chang 
Corporation,  Albany,  Oregon).  Only  the  more  important  Interstitial  com¬ 
ponents  were  re-anelysed  prior  to  the  e]q>erimental  program. 


Tantalum 

Colunbiua 

ppm 

(by  weight) 

ppm  (by  weight) 

A1 

20 

20 

B 

1 

1 

Cb 

500 

Ta  h70-U90 

Co 

20 

ND 

Cr 

20 

20 

Cu 

1*0 

1*0 

Fe 

100 

100 

Hf 

HD 

ND 

Hg 

20 

20 

Ml 

20 

20 

Mo 

20 

20 

m 

20 

20 

Fb 

20 

20 

Si 

100 

100 

Sn 

20 

20 

H 

150 

150 

V 

20 

20 

W 

300 

65-72 

Zn 

20 

20 

Zr 

500 

500 

C 

Original 

ms) 

Final 

“B5" 

Original  Final 

“TOT  -yr 

N 

55(100) 

35 

72-99(85)  26 

0 

50(85) 

105 

110-180(150)  50 

H 

ND(U.3) 

3.2 

2.2-2.3(6.0)  3.0 

Data  In  parentheses  represent  reanalysis  of  as  delivered  specimen  material 
prior  to  experiments. 


ELECTRON  BEAM  MELTED  TANTALUM 


b.  LONGITUDINAL  c.  TRANSVE. 


RECRYSTALLIZED  -  1  HR  AT  1200°C(X150) 


Ffgur*  ? 


ELECTRON  BEAM  MELTED  COLUMBIUM 


a.  AS  RECEIVED  (x  75) 


b.  LONGITUDINAL 


c.  TRANSVERSE 


RECRYSTALLIZED  -  1  HR  AT  iai)0°C  (X150) 


FIgun  2 
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Ab  stated  above,  both  tantalus  and  ooluabiua  wre  raoaived  in  straaa  rallevad 

fora  for  bast  ■aohlnaabllity.  On  nachlnlng  to  the  final  geometry  the  spec- 

0 

imens  were  recrystalliaed  at  1200  C  for  one  hour  In  a  dry  air  environment 
at  lass  than  *3  micron  Hg  pressure*  Ihe  material  was  slow  cooled  to  prevent 
recurrence  of  Internal  stresses  due  to  thexwal  gradients.  Figures  la 
through  2o  Illustrate  the  Initial  and  final  structure  of  both  matezlals* 
Comparing  the  photomicrographs  of  the  final  longitudinal  and  transverse 
structures  (specimen  axis  being  the  reference)  It  can  be  seen  that  the  orig¬ 
inal  directionality  In  grain-structure  has  disappeared* 

Bqulpment 

All  tensile  experiments  were  performed  on  a  high  teiqperature,  rapid  load 
tensile  unit  designed  and  developed  at  General  Cynamlcs/Poanna*  nie  basic 
components  of  this  unit  are  a  load  dynamometer,  tenplln  type  grips,  an  exten- 
someter,  a  hydraulic  cylinder,  a  servo  valve,  a  servo  feed  bade  system,  and 
a  powerstat  with  step  down  transformer  for  the  ten^rature  control*  All 
tensile  components  are  mounted  In  a  loading  frame  designed  for  hl^  Impulse 
loading*  Ihls  frame  can  be  sealed  for  operation  In  an  Inert  atmosphere.  In 
liquid  coolants,  or  In  a  vacuum.  Figures  3  end  U  show  the  physical 
arrangement  of  the  equipment. 

Either  the  load  rate  or  the  strain  rate  can  be  controlled*  n^lthin  the  limits 
of  the  performance  characteristics,  load,  strain  and  tenperature  histories 
can  be  programawd  and  automatically  applied  to  the  specimen* 
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Ihe  load  dynmometar  aexnres  to  neaawe  tha  inatantaneoua  load  on  the  speci¬ 
men  as  well  as  to  provide  a  servo  feedback  signal  during  programmed  load 
cycles*  At  present^  dynamometers  for  two  load  ranges  are  available^  0-3000 
lb  and  0-15000  lb*  The  accuracy  for  each  unit  is  0.$%. 

Ihe  templin  type  grips  were  considered  very  advantageous  for  this  investi¬ 
gation*  Due  to  their  ability  to  distribute  the  applied  loads  uniformly 
over  the  gripping  area  of  the  specimen,  a  simple  rod  (or  reed)  configuration 
provides  a  satisfactoxy  q>ecimen  geometry*  There  is  no  need  for  complex 
shapes  such  as  threaded,  pixdiole  or  shouldered  specimens*  This  eliminates 
the  need  for  excessive  cold  work  ana  is  also  an  important  factor  idien  work¬ 
ing  .with  expensive  materials,  such  as  pure  tantalum  axid  columbium*  The 
presently  available  grips  can  accomodate  round  specimens  of  0*2$  inch  dia¬ 
meter  or  flat  specimens  from  0.020  to  0.125  inches  thick. 

The  extensoaeter  used  in  this  work  was  specifically  designed  for  this  task. 
It  consists  of  a  li^t  wei^t  structure  suspended  on  knife  edges  from  the 
specimen  with  sufficient  pressure  (spring  loaded)  to  prevent  slippage 
problems  during  rapid  load  application*  Strains  are  measured  with  an  acc¬ 
uracy  of  0.5$  over  a  gage  length  of  2  inches.  The  extensometer  also  pro¬ 
vides  the  feedbadc  signal  to  the  servo  qrstem  for  automatic  strain  history 
control. 

The  hydraulic  cylinder,  the  servo  feedback  control  system  and  Ihe  servo 
valve  provide  the  load  inputs  which  range  from  effectively  step  loads  to 
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several  pounds  per  hour  (or  slower  by  manual  st^  control)  •  The  corres-* 
ponding  strain  rate  inputs  range  fron  0*00001  to  greater  than  0*01  inch  per 
inch  per  second* 

Hie  specinens  are  heated  either  by  innersion  in  a  circulating  fluid  at  low 
temperatures  or  fay  resistance  heating  at  hi^  temperatures.  The  specimen 
itself  represents  the  heating  element*  Radiation  shielding  and  grip  in-> 
sulation  minimises  temperature  gradients  in  the  specimen.  Specimen  temp¬ 
eratures  and  heating. rates  are  controlled  by  the  powerstat  and  stepdown 
transToraer.  The  temperature  range  of  the  unit  is  presently  *107  ^  F 
to  6000^F*  Heating  rates  up  to  lOOO^F  per  second  can  be  obtained  during 
resietanoe  heating* 

o 

Temperatures  can  be  maintained  within  better  than  1  F  over  extended  periods 
of  tine*  The  accuracy  of  the  tenqperature  reading  is  that  of  thermocouples 
for  the  appropriate  temperature  range.  The  theimocouples  are  spotwelded 
on  the  specimen  and  calibrated  prior  to  the  ejqperiments* 

The  data  are  presented  on  three  types  of  recorders;  Sanborn^  direct-read¬ 
out  C*£.C*^  and  Moseley*  The  various  recordings  serve  to  countercheck 
msasuring  tediniques  if  anomolous  specimen  response  is  observed* 

The  Sanborn  and  G*£*C*  recorder  display  load^  strain,  and,  when  desirable, 
te^peratum  as  a  function  of  tine*  The  C*£*C*  unit,  having  Ihe  fastest 
response  tine  serves  as  the  primary  recorder  of  the  e3q)erimental  data 
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irilich  «ra  to  be  evaluated*  The  Moeely  recorder  provides  an  accurate  backup 
for  stress  and  strain  calibration^  and  is  also  very  useful  in  relatively 
alow  ejqperiments  for  the  detemination  of  the  yield  point  (elastic  limit)* 

Experimental  Procedure 

Three  types  of  eoqperiinents  were  performed:  constant  load  rate^  yield 
delay^  and  yield  delay  recovery* 

The  constant  load  rate  experiments  established  three  characteristics^  yield 

stress  as  a  function  of  temperature,  yield  stress  as  a  function  of  constant 

stress  rate,  and,  consequently,  time  to  yield  under  various  rate  conditions* 

This  set  of  esqperiraents  was  primarily  of  esqploratory  value*  It  was  est- 

(  8  ' 

ablished  earlier  with  molybdenum  that  if  a  stress  is  ^plied  as  rapidly 

as  possible  and  maintained  constant,  the  yield  delay  time  is  vexy  nearly 
the  same  as  the  time  to  yield  in  a  load  rate  experiment  the  resulting 
yield  stress  is  of  the  same  magnitude* 

With  a  minimum  of  data  points  it  is  thus  possible  to  establish  for  various 
tenqperatures  the  stress  levels  at  yield  delay  times  of  reasonable 

length  can  be  expected* 

In  this  fallen  It  was  detexmined  that,  contrary  to  the  original  intention 
of  operating  above  room  tamperature  only,  yield  delay  experiments  had  to 

0  0  ®  w  ® 

be  carried  out  between  -20  F  and  ^hOO  F  in  tantalum  and  -100  F  and  ♦ISO  F 
in  coluid>ium  to  obtain  maaningful,  observable  data* 
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40  SECONDS - ►  ^  SECONDS - ►  ^-^25  SECONDS 


FiguTM  7  and  6  show  tbs  ussfhl  data  for  tantalus  and  eoluii>iuB  rs« 
speotlTsljr.  IquiTalsnt  strsas  rates  Tar7ln£  froa  1  PSI  per  second  to 
2.5  X  10^  PSZ  per  second  were  applied. 

A  typical  yield  del^y  esperinent  is  shown  in  Figure  5  *  Ihe  stress  is 

applied  as  rapidly  as  possible  and  then  naintained  constant  until  yield 
occurs.  The  waxlaua  applicable  stress  rate  was  a  function,  not  of  the 
energy  reservoir  or  tiae  response  of  the  hydraulic  aystea,  but  of  the  daap- 
ing  chauraoteristlos  of  the  aechanlcal  systea.  The  ainiaua  time  in  idiieh 
the  final  stress  could  be  applied  without  overshoot  was  0.02  seconds. 

Ihough  any  overshoot  danped  out  quickly  due  to  the  feedback  signal  control, 
it  produced  significant  effects  both  on  the  yield  delay  tine  (considerable 
reduction)  and  the  preyield  aierocreep  rate  (considerable  Increase).  Since 
the  tine  resolution  of  the  recorded  data  is  of  the  order  of  0.001  eeconds 
the  tine  to  final  load  can  be  accurately  accounted  for  in  eaq>eriaents 
idtere  thia  tine  is  significant  In  relation  to  the  yield  delay  tiae. 

o  o  o  o 

Yield  delay  data  ware  takan  in  tantalun  at  -20  F,  73  F,  200  F,  and  iiOO  F, 
and  in  ooluabiun  at  -97^F,  -20°F,  73^F,  and  150°F.  At  the  highest  oper¬ 
ating  teapermture  in  each  set  it  was  difficult  to  obtain  reliable  data. 
Only  those  which  showed  a  reasonable  functional  dependence  on  atress  are 
presented.  Figure  9  throu|^  12  show  the  suanarised  raaults  of  the 
various  yield  delay  e]q>erlnents. 


Figure  6  daaonstrates  a  Igrplcal  yield  delay  recovery  aaqpeiiasnt.  Each 


eoaplat*  Mt  of  such  exporlMiits  ms  programed  to  oonalat  of  the  f  ollow> 

Ing  stdps. 

1)  A  etrose  lerol  wu  ehosen  froa  the  jrleld  delay  infozmtlon  vhieh  was 

•xpeeted  to  lead  to  a  reasonably  long  tine  to  yield  (e.g.,  from  Figure  10 

it  oan  be  seen  that  the  28,800  PSI  used  in  the  sample  experinent  should 

0 

lead  to  a  yield  delay  tine  of  approxlnately  55  seconds  at  -20  F)» 

Ihis  stress  lerel  was  applied  rapidly  and  naintained  constant  for  a 
preselected  period  of  tine  less  than  the  yield  delay  tine. 

The  stress  was  reaoved  rapidly  and  reapplied  after  a  specified  re- 
coTexy  Una.  This  cycle  was  continued  until  nacroseopic  yield  was 
definitely  establiAed. 

2)  Next,  using  the  ease  stress  lewel,  the  reoovexy  time  was  varied 

with  the  objective  of  finding  the  recovery  tine  idilch  was  Just  sufficient 
to  provide  oosplete  recoveiy.  The  degree  of  recovery  revealed  Itself 
by  the  nuaber  of  eycles,  that  is  total  time  at  load,  to  which  a  speelnen 
eould  be  exposed  until  aaeroseppic  yield  oceured* 

3)  The  sane  procedure  was  repeated  with  the  sne  stress  levels  and  a  new 

series  of  reeoveiy  tines  but,  during  the  reoovezy  Unee,  the  speeinen 

o 

tenperature  was  increased  above  the  load  cycle  teiperature  (-20  F  in 
the  saaple  ease)*  Aron  the  relative  reeoveiy  tines  at  two  to  three 
reoovexy  tesperatures  the  activation  energy  for  recovery  was  to  be  oal- 
eulated. 


35 


Thla  technique^  thouifi  bMlealljr  aoundf  bad  aareral  ahortooMlnga. 

Sine#  ralatlvalj  low  strwss  larels  mat  be  used  to  allow  aufficlent  tiaa 
for  obaeCTatloni  (1  second  was  felt  to  be  a  alniauB)  the  resulting  ane> 
lastle  ■loroatrain  was  reiy  small. 

More  serious^  howerer,  prored  to  be  the  thezmal  lag  of  the  speelasn 
idilch  was  quite  large.  It  was  enhanced  by  the  thezmal  mass  of  the 
gripping  mechanism,  and,  during  low  temperature  experiments,  bf  the 
excellent  heat  transfer  to  the  cooling  medium.  As  a  result  during 
large  portions  of  the  recovexy  time  the  specimen  was  not  in  thezmal 
equilibrium.  Of  course,  the  hi^er  the  reeoveiy  temperature,  the 
shorter  will  be  the  orerall  recorery  time.  Therefore  it  was  difficult 
to  establish  an  exact  time-temperature  relation  during  this  period. 

Without  the  latter  shortcoming  it  would  hanre  been  possible  to  theoretically 
predict  the  approximate  recovery  times  at  each  tenperature  level  from 
the  initial  experiment.  Under  the  conditions  described  this  was  natur¬ 
ally  impossible.  Therefore,  it  was  also  economically  unfeasible  to 
carry  out  a  complete  set  of  experiments  on  a  trial  and  error  basis  for 
several  stress  levels  and  the  eozresponding  load  cycle  teifwratures. 
laoh  specific  opezlamat  required,  of  course,  the  use  of  a  dlffarsnt 
specimen. 

Other  difficulties,  such  as  the  provision  of  step  ftanetion  load  cycling 
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and  MBlrlng  of  strain  raeoTSiy  by  themal  axpanslonfWere  aaslljr  orar- 
o<NM  ttiatka  to  the  qoalltjr  of  the  eaqperiaMntal  aqulpaMit  on  h«d»  There¬ 
fore,  despite  the  feet  that  the  final  objeetire,  detetaination  of  aoti- 
▼atlon  energis*  of  the  reoorery  process,  couM  not  be  obtained,  the  yield 
delay  reeoveiy  data  still  yielded  soae  infoiaatiee,  though  qualltatiTe 
resitlts. 

RESOKTS  AND  IMTBffRKTiTlONS 

As  stated  prerionsly,  the  constant  load  (or  stress)  rate  data  were  not 
utilised  to  investigate  the  anelsstlc  behavior  but  served  only  to  establish, 
with  a  alnijua  of  esperinental  points,  the  stress  and  tenqperature  conditAons 
under  idilch  observable  yield  delay  could  be  expected. 

Figures  7  and  8  show  the  results  both  for  tantalun  and  oolunfaiUB.  Ihe 
straight  lines  represent  the  best  linear  fit  of  the  data  points  at  each 
esperimntal  teaperature  based  on  a  mininun  of  the  RMS  deviations.  Ihe 
elastic  limit  was  in  all  cases  identified  with  the  yield  point.  On  com¬ 
parison  with  Figures  9  and  10  it  can  be  seen  that  the  timesto  yield  were 
in  general  larger  in  the  load  rate  test  for  a  given  final  (or  yield)  stresa 

than  for  Ihe  yield  delay  aj^eciments.  This  was  not  in  accordance  with  pre- 

(  8  ) 

vlous  work  with  bee  metals  ,  but  would,  in  general,  be  eoqpeeted  ftom 
theory  since  the  average  applied  stress  during  the  load  rate  ejqperiment 
is  only  half  that  of  the  yield  stress. 
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STRESS  RATE  DEPENDENCE  IN  RECRYSTALLIZED  TANTALUM 
(RATE  CONSTANT  TO  YIELD) 


YIELD  STRESS  (KSI) 
(ELASTIC  LIMIT) 
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FiffurtS  STRESS  RATE  DEPENDENCE  OF  RECRYSTALLIZED  COLUMBIUM 

(RATE  CONSTANT  TO  YIELD) 


Fifwm  11  LINEAR  MICROSTRAIN  RATE  IN  RECRYSTALLIZED  TANTALUM 
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LINEAR  MICROSTRAIN  RATE  (10-«  INCH/INCH/SEC) 


Flguf12  LINEAR  MICROSTRAIN  RATE  IN  RECRYSTALLIZEO  COLUMBIUM 
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Figures  7  and  8  show  clearly  that  yield  delay  eoq)eriment8  below  roon 
tenperature  were  required  to  obtain  a  reasonable  coverage  both  with  re¬ 
spect  to  teiqperaturea  and  yield  delay  times*  Ihe  experimental  program  which 
was  originally  scheduled  to  be  perXornied  entirely  above  room  temperature 
was  accordingly  redirected* 

The  significant^  experimental  results  of  this  study  are  contained  in  the 
strainrate  and  yield  delay  data  presented  in  Figures  9  through  12*  Within 
the  limits  of  the  experimental  scatter^  these  data  substantiate  the  dis¬ 
location  -  interstitial  interaction  model  developed  in  the  theoretical 
background  section*  Before  discussing  the  implications  of  these  results 
the  reduction  methods  should  be  considered* 

The  microstrain  rates  quoted  represent  the  initial^  constant  rates*  This 
eliminated  the  time  dependency  which  would  not  permit  meaningful  comparison 
of  strain  ra^es  under  the  various  stress-tenperature  conditions*  Equations 
(11)  and  (A20)  predict  the  constant,  initial  strain  rate  which  was  observed 
in  all  yield  delay  experiments,  except  in  those  idiere  the  time  to  yield 
was  so  short  that  the  constant  rate  was  masked  by  systm  damping  (see  initial 
0*05  seconds  in  Figure  5)«  Data  with  the  latter  characteristics  had  to  be 
neglected*  This  was  minimised  by  adjusting  the  damping  eharacterlatics 
to  the  anticipated  length  of  the  esoperiment* 

The  yield  poixit  or  tine  to  yield  was  identified,  as  in  Figure  5,  with  a 


slgnlfioant,  oontinuout  Inerets*  in  alop*.  As  onr  aodsl  prsdiets,  ths 
slope  Hill  nonully  deollns  after  the  constanoy  of  the  initial  ■iero* 
strain  xates  rate  oaases.  This  decline  was  obsenred  prior  to  yield  in  aany 
experiments*  In  several  Instanoes  more  than  one  slope  was  observed  prior 
to  naerosoopio  yield*  Such  changes  in  slope  were  not  identified  with  the 
yield  point  since  they  were  not  continuously  increasing*  They  were  apparently 
caused  by  multiple  contributors  to  the  yield  delay  mechanism* 

In  very  short  yield  delay  ejq>erlments,  conqpensatlon  was  made  for  the  time 
to  final  load  in  establishing  the  yield  delay  time* 

Several  e^rlmental  data  points  had  to  be  neglected  because  ananolous 

tenperature  effects  were  cbserved*  Dlls  was  the  ease  when  the  highest 

rates  of  loading  were  applied  in  eiqperlnents  of  short  duration.  Ihider 

such  loading  conditions  the  teaperature  of  the  specimen  would  increase 
0 

to  2  to  3  7*  Consequently,  during  the  initial  portion  of  the  e3q>erinent, 
after  the  load  was  ipplled,  a  reduction  in  strain  was  observed  which  con¬ 
stituted  the  reoovexy  of  the  thexnal  ejqpansion.  This  reduotion  la  strain 
was  at  first  rather  wysterious  and  temperature  variations  were  not  suspected 
since  theory  predicts  adiabatic  cooling  during  rapid  elongation  of  metal* 
However  it  was  then  decided  to  au>unt  thermocouples  on  the  specimens  and 
record  the  tenperature  history.  The  changes  in  teoperature  were  clearly 
observed  and  the  magnitude  of  the  recorded  strain  corresponded  to  the  exF> 
peoted  thermal  eipanslon.  No  attempt  was  made  at  this  tims  to  interpret 


thia  phanoMDon.  The  raooTeiy  tinea  were,  aa  exacted  for  themal  pro- 
oeaaae,  rather  large.  Since  the  obaerved  themal  eaqpanaion  vaa  alao  of 
the  aaiae  (rder  of  nagnltude  aa  the  anelaatlo  atrain  it  preaanted  a  rather 
undealrable  naaklng  effect.  It  aaf  be  noted  howeTar  that  in  moat  oaaea 
the  effeot  beoaM  negligible  if  the  loading  tine  waa  changed  from  the 
nininnn  of  0.02  aeoonda  to  about  O.OU  aeoonda.  Thia  preaented  in  neat 
oaaea  no  aerloua  handio^?.  CareAil  inapeotion  of  Figure  5  ehowa  the 
▼eiy  alight  remaining  inoreaae  in  temperature  during  loading  at  the 
elower  rate. 


On  eraliutLng  the  data  of  all  yield  delay  eapezimants  it  may  f  Irat  be 
noted  that  the  atreaa  dependency  of  the  logarithm  of  both  the  yield 
delay  time  and  the  micro  atrain  rate  la  relatively  temperature  lnaen-> 
aitlve.  Thia  ibllowa  ttie  predlotlon  made  by  Equation  (7)  ehlch  atatea 


that 

Xj  =  C  (j>  (o-)  =  C  O-JL  «. 


(7a) 


and  fay  the  cozreaponding  expresalone  for  the  yield  delay  tine  and 
anelaatlo  atrain  rate  in  Bquationa  (10)  and  (11) .  To  llluatrate« 
antlolpated  variation  in  the  alopea  of  atrain  rate  veraua  applied 
in  Figure  11  may  be  eatimated  aa  foUomat 

P  ■‘■rT  o- 


the 

th« 

Btfn 

(17) 


Therefore, 


2>S 


Ji 


.2 

Asaoaiiig  an  •^>lrio«l  ralue  of  1.7  x  ID  Ul/mlB/VSl  (Appendix  B)  for 
In  tentalun,  it  on  be  seen  thet  the  total  ehango  in  alope  orer  the  teqp- 
eretnre  range  of  prinaxy  intereat  (-20^  F  to  200°  F)  la  at  net  1.16  z 
or  at  net  a  fev  paroent  of  the  alopee  indicated  in  Figure  11.  The  Talue 
of  £.  used  in  this  eatiaate  Is  probablF’  too  large.  Theoretical  oalen- 
lations  (see  i^jpendiz  B )  Indieate  «  aueh  loaer  value  in  a  strained  lattice 
idtich  has  not  readied  aartensitlc  phase  equilibrlun.  It  is  obriouSy  that 
the  ezperiaental  scatter  of  the  data  will  not  reveal  such  small  deviations 
in  slope. 

It  is  also  vezy  doubtful  that  yield  delay  esperiments  can  ever  be  utilised 
to  better  define  the  value  of  jZ.  .  The  taqieratttre  rangea  over  which  a 
single  yield  delay  madianisn  is  proainent  are  relatively  small  and  the 
behavior  of  real  materials,  particularly  polyorystalline  metala,  will 
always  laad  to  a  certain  amount  of  emperimental  scatter. 

A  noro  significant  effeot  is  nticipated  from  the  more  firmly  established 
term  in  Bqnation  (17).  SiperlMntal  scatter  rules  out  eorreoting 
any  ons  set  of  data  for  this  term,  beonse  the  total  variation  at  any  one 
temperature  is  more  thn  one  order  of  magnitude  smaller  due  to  the  limited 
stress  range.  However,  oonsidering  the  average  stress  levels  in  eadi  set 
(i.e«,  each  eiperimantal  tsnperatore)  the  average  slopes  nay  ba  eorraeted. 
It  can  be  sen  that  this  to  soma  extent  accounts  for  the  appamtly  con¬ 
sistent  increase  in  slopes  with  temperature* 
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■•gLaeting  the  temperature  effeet  lotrodueed  bgr  the  tem  J2.  /  R.  T  we 
ean  eeloulete  the  following  raluee  for  fS  trom  Bqnetlon  (17)  and  Ihe 
mpplioable  flgoree. 


Hotel 

0 

Tnaoerature  F 

1 

1 

•8 

11 

Stress(KSl) 

S(KSl’^) 

Ta 

-20 

tins  to  yield 

li2*3 

*267 

*243 

To 

73 

tino  to  yield 

30*5 

*289 

*256 

IS 

200 

tiao  to  yield 

22*9 

*329 

OO 

CM 

• 

TA 

-20 

Hieroetrain  rate 

liO*l 

*306 

.281 

To 

73 

Hicrostrain  rate 

31.li 

*317 

*285 

TS 

200 

Micros train  rate 

22*1 

*363 

*318 

Cb 

-97 

time  to  yield 

43.6 

*435 

.403 

Cb 

-20 

tiae  to  yield 

31*9 

.439 

.408 

Cb 

73 

tine  to  yield 

28*2 

.465 

.430 

Cb 

150 

tiae  to  yield 

23*8 

•492 

.450 

Cb 

-97 

Hicrostrain  rate 

40*0 

*501 

.472 

Cb 

-20 

Microstrain  rate 

31.6 

*508 

.472 

Cb 

73 

Mierostrain  rate 

27*8 

.512 

.472 

Bw  reluee  of  ^  ere  in  reesoneble  ep  oeaeiit  with  Ihoae  oelouleted  in  Aiipondiz 
C,  oonaideriag  tiie  oneertalnties  in  the  definition  of  A*  Teo  chereoterletioe 
■net  be  noted*  Deepite  the  eorreotions  introduced  tagr  the  CTemge  i  y  o- 
teia,  these  ie  etiU  e  tendency  for  yS  to  increase  with  temperature*  0on> 
sideratioo  was  glTMi  to  the  fact  that  yS  la  iaveraelgr  proportional  to  Hie 


shear  Modulus*  HowsuMr,  ths  ebangs  in  shear  Modulus  is  only  about  one  per- 
oent  orer  tbe  range  of  Interest  and,  tberefore,  not  significant  in  tbsse 
first  order  ealouiations.  Consideration  Aoold  howerer  be  given,  as  in  the 
evaluation  of  the  effectlw  aetiwtion  energies,  that  at  hi^er  teaperatures 
different  interstitials  are  likely  to  partlolpate  in  the  dislocation  -  inter¬ 
stitial  interaction  idilch  ccntrola  yS  * 

The  second  characteristic  of  interest  is  the  apparently  lower  values  ot  j8 
idien  Interpreted  fTon  tbe  tias  to  yield  Inforaation*  A  difference  aust  be 
anticipated  froa  the  theoretical  aodel* 


As  stated  repeatedly,  the  strain  rate  data  are  taken  during  the  Initial 
portion  of  the  enperiaent  where  they  are  independent  of  tiae*  Tbe  tiae 
to  yield  eiqperiaent  allow  no  such  assunption  and  from  Equations  (7)  and 
(1)  it  can  be  seen  that 

a  J2i->  tw 

dcr  “ 


I  /  i\ 


(18) 


If  JI/K.T as  well  as  any  stress  dependence  inX  o  is  neglected* 


A  sliqple  solution  of  Equation  (18)  for  /S  is  not  possible,  but  the 
equation  indicates  ihy  /9  should  be  aaaller  then  calculated  froa  Equation 
(17)  as  was  done  for  slnpllcity  in  the  tabulated  data* 
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Of  partiotilar  iiit«r«st  art  Ibe  aetlvatlon  •nergLaa  rMulting  f  roi  the  date 
in  Figures  9  throoe^  12.  It  has  already  bean  established  that  only  eff¬ 
ective  activation  energies  can  be  deduced  fToa  the  eaperisental  data. 
Equation  (16)  nakee  it  quite  clear  that  without  extensive  iteration,  sinos 
X}  *  X  VKl  without  precise  knowledge  of  Ihe  wel^t  factors,  u);  , 

of  each  participating  ■ediani8n,lt  is  not  possible  to  establish  the  acti¬ 
vation  energy  of  eadi  neehanisn  exactly. 

Baaed  on  the  straight  line  relationships,  indicated  in  each  set  of  data 
which  were  established  by  the  atatlstical  nathod  of  the  least  squares, tbs 
following  activation  energies  were  detenainedt 


Metal 

ISnperature  range 

Type  of  data 

Qeff  (ctX/mo. 

la 

-20®  F  to  73®  F 

tine  to  yield 

10850 

Ta 

73®  F  to  200®  F 

tine  to  yield 

Ut200 

la 

-20®  F  to  73®  F 

micro  strain  rate 

10550 

Ta 

73°  F  to  200°  F 

nlcro  strain  rate 

11*900 

Ta 

200°  F  to  UOO®  F 

0  o 

Micro  strain  rate 

16700 

Cb 

-97  F  to  -20  P 

time  to  yield 

8625 

Cb 

®  0 
-20  F  to  73  F 

tine  to  yield 

11350 

Cb 

O  ^0 

73  F  to  150  F 

tine  to  yield 

.  13900 

Cb 

-97®  F  to  -20®  P 

O  0 

nioro  strain  rate 

910,0 

Cb 

-20  F  to  73  F 

niero  strain  rate 

10900 

50 


Die  activation  energies  vere  detaniined  bj  the  relation  at  identical 

stress  levels^  thus  elinlnating  the  effects  of  JLrxC  and  ^(T  .  There 
is,  of  course,  the  effect  of  the  Jl<r  tern  idiidi  may  increase  the  values 
a  maximum  of  600  cal/mole  for  the  lowest  value  of  Q  tantalum,  and  a  maxi¬ 
mum  of  700  eaiysK>le  for  the  lowest  value  of  Q  columbium*  Ihese  estimated 
maxima  are  again  based  on  the  conservatively  high  values  of  JL  from  em¬ 
pirical  martensitic  infomation  (Appendix  C)« 

Despite  all  the  uncertainties  as  to  the  actual  activation  energies  of  the 
mechanism  or  mechanians  producing  anelasticity  in  each  temperature  range, 
the  data  seem  to  clearly  indicate  that: 

1)  both  the  time  to  yield  and  the  preyield  microstrain  rate  are 
influenced  by  identical  control  mechanisms  • 

2)  interstitial  diffusion  of  hydrogen  is  a  major  contributor  to  the 
anelastic  behavior,  and,  as  the  experimental  temperatures  increase 
contributors  vilh  hi^  activation  energies  are  apparently  increas¬ 
ingly  effective* 

!Ihe  sctivatLon  energy  for  hydiogen  diffusion  in  colunhium  has  been  fairly 

(  23) 

well  established  as  being  9300  *  600  cel/mol  .  It  Is  anticipated 
that  the  activation  energjr  of  hydrogen  diffusion  in  tantalum  la  of  approxi¬ 
mately  the  eame  magnitude  due  to  the  similarity  of  the  two  metals  and  the 
simllaTlIy  of  the  eetivatlon  etsrgiee  for  other  interstitials  (usually 
slightly  higher  in  tantalum  -  e*g.,  C  end  N). 

Oxers  is  e  number  of  other  solute  elenente  in  tantalum  and  columblum  which 
are  capable  of  Increasing  the  effective  activation  energies  with  increasing 


51 


te^wratuTM.  Ihasa  may  conceivably  be  boron,  ailleon,  and  oxygen  in  the 
tenperature  range  of  lntez«et. 

Boron  aotiTatlon  energies  have  been  measured,  with  limited  reliability, 

as  16900  *  6100  cal/mole  in  tantalim  and  1U300  *  5U00  cal/mole  in  colum- 

(2U)  ~ 

biuB  .  Ihe  chemical  analysis  of  the  e3q>erlmental  materials  shows  that 
apparently  relatively  anall  amounts  of  boron  are  present. 

Silicon  is  a  substitutional  solute)  however,it8  relatively  large  misfit 
of  approximately  18!(,  should  give  a  tendency  to  preferrential  ordering 
in  a  strained  lattice  and  permit  dislocation  locking  in  the  positive  stress 
field  of  the  dislocations.  Ihe  activation  energies  for  silicon  have  been 
measured,  with  the  same  limited  degree  of  reliability  as  in  the  case  of 
boron,  as  being  approximately  11720  cal/mle  in  coliunbiiun  and  60l|0  cal/mole 

(25) 

in  tantalum  .  Disse  latter  values  may  probably  deviate  by  several 
thousand  calories  per  mole.  Considerable  quantities  of  silicon  are  pre¬ 
sent  in  the  experimental  materials. 

More  reliable  data  are  available  for  the  activation  energy  of  oxygen. 

(26  ) 

Several  sources  report  values  of  ipproximately  26000  cal/mole  in 
both  metals.  Deviations  are  of  the  order  of  several  hundzmd  calories 
per  mole.  The  latter  activation  energy  is  qiite  high  compared  to  that  of 
hydrogen  or  the  measured  aotivatlon  energies.  However,  the  time,  tai^ 
aratuze  and  stress  dependenoe  of  the  affective  activation  energy,  as  Aown 
in  Equation  (  16  ),  does  not  preclude  the  participation  of  oxygen  la  the 
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anelastlo  prooesseB  abow  room  ttaperatura*  Without  stress  effects  the 

relaxation  tine  of  oxygen  in  tantalum  and  ooluWblua  is  of  the  order  of  1 
0 

second  near  iiOO  F* 

As  indicated  earlier  the  yield  delay  recorexy  eaqperinents  did  not  yield 
quantitatively  useful  data*  However  the  following  qualitative  observations 
may  be  related. 

In  all  experiments  of  this  type  the  total  time  at  load  prior  to  naero« 
scopic  yield  exceeded  the  time  to  yield  in  normal  yield  delay  experiments 
irtien  identical  stresses  and  temperatures  were  employed*  Ihers  wasj  how- 
ever,  little  consistency  with  respect  to  the  length  of  recovery  tine  whidi 
was  varied  from  5  minutes  to  30  minutes* 

Although  significant  recovery  of  strains  could  not  be  observed  If  the  re¬ 
covery  took  place  at  the  same  temperature  as  applied  during  the  load  cycle, 

o 

such  recovery  could  be  observed  if  the  temperatures  were  raised  some  200  F 
during  recowxy*  Ihis  indicates,  as  ejqpected  from  the  theoretical  model, 
that  the  relaxation  times  of  the  reorientation  process  are  considerably 
larger  without  than  with  an  applied  stress*  It  was  possible  to  obtain  com¬ 
plete  recovery  in  some  cases  which  permitted  load  cycling  of  the  specimens 
for  many  hours  without  yielding*  In  these  cases  the  equivalent  of  two  load 
cycles  would  have  been  sufficient  to  yield  the  specimens  without  recovery* 
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X-RAY  DIFFRACTION  ICASUREMENTS  OF  MIGBOSTRAIN 


DISCUSSION 


Ttie  pix>po8«d  aodel  of  anelasticlty  implies  diffusion  induced  reorientation 
of  interstitials  during  the  pre-yield  deformation  (micro-creep)  of  bcc 
refractory  metals.  If  this  is  the  ease,  one  obvious  result  should  be  a 
change  in  lattice  constant  during  the  yield  delay  time  and  a  recoverability 
of  the  lattice  deformation  by  removing  the  applied  load.  It  was  felt, 
therefore,  that  x-ray  diffraction  measurements  of  lattice  constants 
under  the  ^propriate  load  conditions  should  give  rather  conclusive  proof 
iriiether  the  pre-yield  microstrain  is  merely  the  result  of  a  limited  number 
of  disldoatlons  propagating  along  slip  planes  or  whether  interstitials  are 
significantly  contributing  to  the  microstrain. 

It  was  realised  from  the  beginning  that  it  is  rather  ambitious  to  attempt 
a  measurement  of  the  interstitial  induced  lattice  deformation.  From  ex¬ 
perimental  data  it  is  known  that  the  externally  measured  strain  during 
microcreep  was  limited  to  at  best  a  few  hundreds  micro  inches  per  inch 
in  the  hi^  purity  materials  under  investigation.  Also,  the  x-ray  diff¬ 
raction  Information  was  sensed  in  a  Oeiger  counter  assembly.  This  re¬ 
quires  relatively  long  counting  times  if  sensitivity  is  not  to  be  saori- 
ficled.  Consequently  experisients  had  to  be  carried  out  under  conditions 
producing  long  yield  delay  times.  As  all  applicable  data  or  theories  in¬ 
dicate,  this  meant  operation  at  relatively  low  stress  levels.  3his  in  turn 
requires  operation  at  low  anslastic  strains  (equilibrium  distribution  of 


interstitials  is  a  function  of  applied  stress  -  see  Appendix  A)*  Portonately, 
the  resolution  Unit  of  the  x-ngr  equipment  at  our  disposal  was  higher  than 
average  and  penltted  observations  with  a  sensitivity  of  better  than  ♦  0«0001 
Angstrom  •  This  corresponds  to  a  microstrain  sensltlvi^  limit  of  the 
order  of  30  mloro  inches/ln^« 

Another  factor  that  contributes  to  rather  satisfactory  results  is  that 
the  lattice  strains  measured  by  x-ray  diffraction  are  always  larger  than 
the  externally  measured  strains  in  a  corresponding  direction  if  the  lattice 
deformation  represents  a  major  portion  of  this  strain.  The  external  ob¬ 
servations  represent  an  average  of  the  local  strains  idiich  may  vary  from  zero 
in  grains  whose  cxystal  structure  is  such  that  the  (111)  plane  is  parallel 
to  the  direction  of  the  applied  tensile  or  compression  stress  (no  preferred 
positions  created)^  to  a  maximum  in  those  grains  where  the  cube  edges  of 
the  unit  cell  are  parallel  to  the  applied  stress.  Ihe  x-ray  diffraction 
measureisents  represent  those  of  one  set  of  planes  only.  For  experimental 
expediency,  l.e.,  to  obtain  aiaxlmum  sensitivity,  the  plane  chosen  for  x-ray 
observation  is  normally  the  one  lAiich  produces  maxiiniii  deformation,  and 
maximum  Intensity  from  the  diffracted  radiation. 

4  verification  of  the  occurrence  of  lattice  deformation  during  mlorocreep 
has  been  definitely  establiahed  from  the  consistent,  repeatable  trends  of 
the  observations  both  during  the  load  and  recovery  cycle.  It  cannot  be 
pretended,  however,  that  the  data  have  the  accuracy  implied  in  terms  of 
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•bsolnt*  MgnitttdM.  However,  the  aensltlvlty  is  such  that  relative 
changes,  which  include  the  recoveiy  inforaatlon,  are  measured  with  the 
precision  Indicated  in  the  data. 

BCPBaghfltTiL  TBCHNIQUES 

It  was  anticipated  to  use  only  materials  of  the  same  constituency  and  vl^ 
the  same  heat  treatment  as  those  used  in  the  other  yield  delay  experiments. 
However,  coluabium  in  the  available  purity  did  not  lend  itself  very  readily 
to  reliable  x-ray  diffraotlon  studies.  This  material  showed  anelastlo  micro 
strains  of  the  order  of  10  to  30  micro  inches  per  inch  only  on  application 
of  the  relatively  low  stresses  required  for  long  delay  times  (l.e.,  near 
the  lower  limit  at  which  eventual  yield  was  observed).  This  is  not  con¬ 
sistent  with  the  sensitivity  limits  of  the  x-ray  diffraction  technique. 
Consequently,  after  experimental  verification  of  the  colunbium  behavior, 
it  was  decided  to  use  molybdenum  as  an  additional  experimental  material. 

This  was  to  aid  in  the  generalisation  cf  the  observations  to  bcc  metals. 

It  was  known  from  earlier  experiments  that  in  the  arc-cast,  recrystallized 
molybdenum  on  hand  anelastle  microstrains  up  to  hOO  micro  inches  per  inch 
could  be  anticipated.  Interstitial  constituents  in  this  matexlal  are, 
by  weight,  0.013VC,  0.(XX)7)K-0,  O.OOOUM*  mi  0,0001$%-^, 

A  Noreleo  Qeiger-oounter  diffractometer  was  used  for  measuring  the  lattice 
spaeings,  utilising  the  1.5h0$0  A  radiation  of  the  Cu  K-alpha  line.  Data 
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«tr«  takiB  both  In  the  (200)  and  (211)  planet  idiloh  are  parallel  or  nearly 
parallel  to  the  applied  tenaila  atreaa  direotlon.  Obrioualy,  It  was  not 
praetioal  to  aeaaure  the  lattice  defonation  in  the  direction  of  atreea. 
Conaequantlyf  the  obaerwed  lattiee  defomationa  and  the  externally  naasured 
strain  had  opposite  signs  and  were  oongared  to  one  another,  in  a  naero- 
Boopic  sense,  by  introducing  a  transfonaation  factor  on  the  order  of  Poisson's 
ratio.  It  is  shown  in  Appendix  D,  that  this  transfomatlon  factor  for 
itteratitial  anelsatlc  straina  is  always  leas  than  Poisson's  ratio.  Botti 
planes  used  yield  relatively  hl^  Bragg  angles.  This  yields  the  greatest 
sensltivl'ty  In  the  particular  x-ray  diffraction  unit  used  for  this  Investi¬ 
gation.  Ihe  initial  set  of  data,  with  molybdenum  aa  the  sample  material, 
was  taken  during  the  recovery  mode  only.  Specimens  were  preloaded,  as 
during  yield  delay  experiment,  for  a  period  such  that  no  yield  occurred. 

The  material  was  then  unloaded,  its  resiainlng  strain  measured,  and  mounted 
into  the  x-ray  diffractometer.  Repeated  measurements  of  lattice  constants 
and  externally  observed  strain  were  assumed  indicative  of  the  strain  re¬ 
covery.  This  worked  reasonably  well  for  molybdenum,  even  though  it  was 
impossible  to  obtain  very  accurate,  absolute  data.  Despite  the  fact  that 
various  calibration  runs  were  made  with  original  and  preloaded  specimens, 
the  accuracy  was  vezy  much  reduced  by  the  lack  of  repeatability  iben  mount¬ 
ing  and  remounting  in  specimens  in  the  x-ray  unit.  While  this  did  not 
tWce  away  from  the  recovery  information  in  molybdenum  it  was  a  serloua 
handicap  to  experiments  in  tantalum  and  eolunbium,  whera  smaller  anelastic 
strains  are  observed. 
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It  vu  also  highly  desirable  to  ob8er7e  the  microstrain  during  the  load 
as  veil  as  the  recovery  cycle.  Iherefore,  a  hydraulically  controlled  load 
unit  was  built  which  permitted  the  observation  of  lattice  deformation  idiile 
under  load^  (Figure  13  )•  The  unit  requires  the  use  of  flat  specimens 
whose  dimensions  need  approximately  be:  2.k  inches  long,  by  .k$  inches 
wide^  by  •Q5  inches  thick.  Suitable  specimens  were  obtained  from  the 
same  melt^  with  the  same  heat  treatment^  am  the  same  (twice  verified) 
constituency 9  as  the  tensile  specimens  used  in  the  other  experiments  dis¬ 
cussed  in  this  report.  lattice  constants  were  then  measured  prior  to 
loading^  during  loading,  and  after  unloading  without  having  to  change  the 
position  of  the  specimen. 

As  will  be  discussed  later,  recovery  tines  are  very  much  longer  than  Ihe 
relaxation  tines  of  strain  idien  under  load.  It  was  therefore  necessary 
to  build  a  heater  for  the  apecimens  idiich  was  applied  to  the  specimens 
between  recovexy  measurements  for  controlled  periods  of  tLxne.  The  tenp- 
erature  was  measured  by  a  Ihermocouple  iqpunted,  with  a  strain  gage,  on 
the  flat  side  of  the  specimen,  opposite  the  side  under  observation.  The 
strain  gage  measured  the  macroscopic  strain,  the  anelastic  strain,  and 
served  to  prevent  thermal  expansion  fron  yielding  erroneous  information. 

RESULTS  AND  INTERPRBTATIDN 

The  following  tables  suHBariae  the  results  of  various  x*rey  diffractometer 
experinante.  Special  conditions  are  either  listed  vLth  each  set  of  data  or 
elaborated  in  the  foUov-on  discussion  of  the  results. 


59 


60 


Smnplm  vas  not  heated  during  recovery, 
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SppolMn  yiplitod^ 


As  ststsd  preTLonsly,  It  is  not  realistic  to  evaluate  quantitatively 
the  absolute  values  presented  in  the  data.  It  mty  be  noted,  however, 
that  in  all  three  sets  of  data  the  lattice  strain  information  is  quite 
consistent,  in  particular  that  obtained  itien  the  specimens  were  mounted 
in  the  load  unit  throughout  the  experiment.  The  gage  iseasurenents  are 
apparently  not  quite  as  reliable.  In  these  usperlnents  SR-U  gages  were 
used  idiieh  are  never  quite  satisfactory  for  cyclic  loading  or  for  inter¬ 
mittent  measurements  such  as  were  necessary  in  Set  #1.  This  is  the  reason 
that  an  induction  type  transducer  is  used  for  all  other  experiments.  The 
use  of  such  a  device  was  not  practical  for  the  x-rsy  study. 

Despite  the  rather  unsatisfactory  technique  used  to  obtain  the  data  in 
Set  #1,  the  relative  values  are  consistent  with  the  anticipated  trends. 

One  of  the  reasons  ehy  the  recovered  lattice  strains  should  be  larger 
than  the  microstrain  measured  by  strain  gage  during  yield  delay  was 
discussed  previously  (single  orientation  versus  average  from  random  orien¬ 
tations).  In  all  ejqperiments  but  No.  5  complete  recovery  of  the  anelastlc 
lattice  strain  was  apparently  achieved  during  the  recovery  period.  That 
this  lattice  strain  represents  at  least  a  very  significant  portion  of  the 
gross  miorostrain  is  obvious  despite  the  uncertainty  in  the  absolute 
values. 

To  recover  the  lattice  strain  in  a  reasonable  time,  heating  was  necessary. 

(  8  ) 

This  could  be  anticipated.  From  previous  experiments  ,  it  was  est¬ 
ablished  that  the  activation  energy  of  the  interstitial  diffussion  of C  in 
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■oljrbdwnui  with  stxwsses  of  the  order  of  55000  pel  lulled  wee  about  2/3 

that  without  streee*  The  relaxation  tlm,  being  an  ejqponential  Auction 

of  the  aetlratlon  energy  (Q^  appx.  25000  becoaes  quite  large 

0 

when  no  streas  is  applied*  Raiaing  the  taaperatura  fron  293  K  to  about 
o 

393  K  will  ccaqpenaate  for  the  effect  of  change  in  activation  energy  and 
produce  obaarvable  recovezy  in  a  reaaonable  tine* 

In  Set  No.  2,  the  eonaiatenoy  of  the  initial  and  final  lattice  conatant 
data  provides  a  certain  level  of  confidence  in  the  iaproved  technique  uaed 
here  and  the  resulting  Masurements  of  lattice  atraina.  It  appears  again 
that  acre  recovery  was  obtained  than  either  of  the  strain  neasureaenta  in¬ 
dicates.  Apparently  the  delay  necessitated  to  allow  for  a  sufficiently 
large  nunber  of  counts  during  each  aeasureaent  affected  the  aeasureaant 
to  the  extent  that  only  partial  recoveiy  of  the  lattice  strain  waa  ob¬ 
served,  (for  example,  eoqperinents  No*  8  and  9)*  llie  final  value  of  the 
lattice  constant  lii9>lies  that  most  of  the  anelaatlo  lattice  strain  was 
recovered  in  each  case*  Only  in  e3q>eriiBents  8  and  10  was  heat  applied 
during  the  recovery*  Again,  this  is  consistent  with  the  theory  Inasmuch 
as  in  tantalum  and  columbium  the  activation  energies  for  the  mechanism 
controlling  micro  creep,  reduced  to  sero  stress,  is  much  lower  than  in 
molybdenum*  Application  of  heat  was  probably  not  naoessazy  in  experiment 
No*  9*  Ibis  ejq>eriment  jrepresented  a  rerun  of  No*  8  where  the  lattice 
strain  recovery  observed  waa  relatively  small*  It  was  hoped  that  with 
temperature  the  recovery  mould  be  more  eoaplata*  As  stated  above  this 
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va0  More  than  likely  oauaed  by  obeerration  of  the  recovery  during  a  limited 
time  span  rather  than  by  incomplete  recovexy* 

The  absolute  values  of  the  lattice  constants  in  Experiment  No«  10  seem 
somsidiat  doubti\il  and  are  not  in  agreement  with  other^  accepted  data 
(about  1.57A). 

Of  some  interest  are  the  results  of  experiment  No«  15*  This  specimen  yielded 
during  the  esqperiment^  and  as  can  be  seen  complete  recovery  of  the  lattice 
strain  occurred  ^  ihile  the  gage  strain  indicated  permanent  plastic  deformation* 

This  is  apparently  incompatible  with  the  theory  that  micro  strain  prior  to 
yield  is  caused  exclusively  by  dislocations.  However,  additional  and  more 
careful]y  controlled  experiments  will  be  required  to  fully  justify  this 
argument* 

In  sumamrising  it  may  be  stated,  despite  the  sensitivity  limited  technique 
afforded  by  x-ray  dlffractrometiy,  there  is  sufficient  consistency  in  the 
results  to  state  that  microcreep  during  yield  delay  is  acconqpanied  by 
lattice  strain  such  as  would  be  expected  if  interstitial  reorientation 
takes  place*  The  magnitude  of  this  lattice  strain  is  such  that  it  can 
account  for  all  or  at  least  a  large  portion  of  the  micro  strain  obseznred 
extexnally  by  gage  measurements*  As  is  required  by  the  interstitial  diff¬ 
usion  modal  of  pre-yield  anelasticity,  the  lattice  strain  is,  at  least  to 
a  large  degree,  recoverable.  Apparently,  the  recovery  time  is  large 
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coiqpaired  to  the  relaxation  time  of  the  pre-yield  mieroereep.  This  la 
apparently  cauaed  by  the  reduction  of  activation  energy  in  the  latter 
caae  due  to  the  applied  atreaa* 
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INTERNAL  FRICTION  STUDIES 


DISCUSSION 

In  anticipation  of  algnlflcant  contribution  to  the  anelastlcity  of  tan¬ 
talum  and  colunblum  by  Interstitials  such  as  oxygen,  carbon  and  nitrogen 
It  waa  thought  desirable  to  determine  the  activation  energies  for  diffusion 
(or  relaxation  tines)  of  these  constituents  Uy  internal  friction  techniques. 

There  are  well  established  data  available  on  the  internal  friction  peaks 

(26  ,  27) 

in  question  •  However^  with  the  necessary  facility  readily  avail¬ 

able  it  was  considered  worthwhile  to  spot  check  the  particular  materials 
on  hand  for  interaction  effects  and  any  other  anomalies  vhich  could  possibly 
result  in  an  erroneous  interpretation  of  the  anelastic  data  from  other 
esqperinents* 

As  was  later  established^  the  interstitials  listed  above  produced  only 
vexy  minor  contzlbutions  to  the  preyield  anelastic  behavior  of  the  metals 
under  investigation.  Ihe  primaxy  contribution  apparently  resulted  from 
hydrogen  diffusion  and  hydrogen  dislocation  interaction*  Due  to  the  low 
activation  energies  for  these  processes,  the  internal  friction  peaks  can 
only  be  observed  at  relatively  low  temperatures  (or  very  hi^  frequencies)* 
The  apparatus  on  hand  was  primarily  designed  for  high  temperature  operation 
and,  therefore,  is  not  applicable  below  room  temperature*  Also  a  high 
frequency  limit  is  inherent  in  this  device  which  is  controlled  fay  the 
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■tiffnesa  of  the  «aq>eriMntel  uterlal.  Ihua  it  vas  not  feaaible  to  stuely 
the  Intenial  ftrietlon  peak  of  hydrogen  and  hydrogen-dialoeation  Inter* 
action.  This  ukes  the  results  described  below  soneidiat  academic  for  the 
present  lAiase  of  the  contract  but  still  useful  as  reference  infonaation 
for  future,  hi{^  temperature  studies. 

ggERimarrAL  tbchnkkjbs 

The  internal  friction  of  both  tantalum  and  colunhium  was  determined  bgr 
measuring  the  decay  time  of  a  vibrating  reed.  The  reed  is  electro  stat¬ 
ically  excited  to  its  resonance  frequency,  the  driving  force  removed,  and 
the  aaplitude  decay  recorded  on  a  direct  write,  logarithmic  t.iti  base 
recorder.  Signal  pickup  is  also  obtained  electrostatically,  Ihe  specimen 
representing  one  electrode  of  an  air  gap  capacitor. 

The  reed  specimen,  operating  in  a  fixed-free  mode  is  suspended  vertically 
to  prevent  nonsymeetrical  gravity  effects.  A  tube  furnace  surrounds  the 
specimen  mount,  the  driving  mechanism,  and  the  pickup.  In  this  arrange¬ 
ment  the  qrstem  is  as  nearly  as  possible  in  thermal  equilibrium.  Ihs 
whole  cystem  is  then  Imaersed  in  a  vacuum  irtilch  prevents  specimen  oxy- 
dation  as  well  as  air  damping  effects. 

Specimen  taqmrature  is  controlled  by  a  theiuooovple  near  the  specimen 
rather  than  on  the  specimen  to  eliminate  another  possible  error  in  the 
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deoiT^  aeasurewnts  dae  to  sztemal  danping*  This  Ihornocoupls  was  oarafoUjr 
calibrated  against  thenwoonplss  aountsd  in  threa  positions  on  a  calibration 
spaoinan* 

The  spaeinen  natexlal  was  identical  to  that  used  in  the  other  e]q>arlnents> 
i*a.,  it  cane  troa  the  sane  melt  and  underwent  identical  heat  treatment* 

The  nominal  dimensions  of  the  specimens  were  inches  wide  by  .Q5  inches 
thick  bgr  7  inches  in  length.  However,  the  apparatus  is  constructed  so  as 
to  pennit  a  variation  of  the  effective  length  of  the  reed  specimen  prior 
to  each  e^>erinent*  This  in  turn  provides  the  control  over  the  desired 
resonance  frequenc7  of  each  specimen.  Hie  actual  resonance  frequency  is 
monitored  during  experiments  by  an  appropriate  frequency  meter. 

The  logarithmic  time  base  recorder  has  the  advantage  that  the  decay  is 
displayed  over  several  decades  (up  to  25  db),  thus  Increasing  the  accuracy 
of  the  observations.  Any  forced  rather  than  natural  frequency  which  may 
have  been  imposed  on  the  ^ecimen  dampens  out  quickly  and,  with  the  avail¬ 
able  recording  technique,  sufficient  data  are  available  to  permit  the 
measureaiant  of  the  decay  at  the  natural  frequency. 

Ihe  linear  data  display  which  results  Atom  the  logarithmic  time  base  of 
the  recorder  is  a  great  aid  in  the  data  reduction. 
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Ifforts  to  utilise  Inert  gases  to  prevent  osydetion  ware  dieoarded  due  to 
dmplng  effects  even  at  relatively  low  pressuree  and  the  low  sparicing 
potential  of  noat  inert  gases. 

The  perfonaanee  linltations  of  the  apparatus,  as  it  was  originally  dev¬ 
eloped,  are  the  upper  teaqperature  limit  idiieh  is  scaaeNhat  hlcfier  than 
o 

1000  C  and  the  lower  temperature  limit  riiidi  is  room  temperature.  No 
provisions  are  nade  for  cooling. 

The  upper  limit  is  set  by  the  original  vacuum  eysten  irtiich  cannot  prevent 
oxidation  of  eoluabium  and  tantalum  at  hi^er  tenqperatures  and  the  thermal 
expansion  of  the  system,  idiich  though  considered  in  the  design,  causes 
problems  in  maintaining  control  over  the  small  gap  between  the  specimen 
and  Ihe  driving  end  pickup  electrodes.  A  careful  balance  must  be  maintained 
between  these  two  gaps  to  obtain  the  necsseary  driving  force,  sufficient 
plricup  and  a  spedmen  aq>lltude  small  enough  to  prevent  sparking  or  short 
circuiting  during  vibration.  The  driving  voltage  is  in  the  nelg^boriuxxl 
of  1000  volt. 

The  fkvqueney  limitation  of  the  system  is  primarily  detendned  bf  the 
stiffness  of  the  specimen  material.  Ihe  frequency  or  wave  length  is  a 
function  of  the  length  of  the  specimen}  the  hl^er  the  frequency  desired 
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the  shorter  met  be  the  qpeeiMn.  Without  reduetlon  in  epednen  width  end 
thloknese,  the  stiffness  inereeses  rspldly  as  the  speeiam  is  shortened 
and  soon  reaches  the  point  where  the  eleetrostatle  drirlng  force  is  ln> 
sufficient  to  produce  aeasurable  aif>lltudes*  Mechanical  impulse  excitation 
was  considered  but  not  introduced  because  it  would  reduce  the  control  over 
the  Tibratlon  amplitude.  This  could  hawe  a  severe  effect  on  the  decagr 
measurements. 

For  future  workj  such  as  discussed  in  the  last  section  of  this  report,  at 
modified  internal  friction  unit  has  been  designed  and  is  presently  maring 
completion. 

RESULTS  AMD  IWIERFRETATION 


Figures  ll(  throu^  17  show  internal  friction  versus  the  Invene  of  teiq>- 

eratore  for  pure,  recrystallised  tantalum  and  oolumtaiun.  The  frequenclea 

noted  on  these  figures  correspond  to  those  at  which  the  major  internal 

friction  peaks  occur.  The  frequencies,  being  the  resonance  frequency  of 

the  specimens,  varied  sli^tly  with  tesqmrature  (due  to  a  change  in  elastic 

modulus).  For  ezaif>le  the  resonance  frequency  for  the  data  shown  in 

0 

Figure  lb  varied  from  68  q>s  at  room  temperature  to  66  ops  at  600  F. 

There  are  a  nnuber  of  techniques  for  detenninlng  the  activation  energy 
of  a  process  from  internal  friction  data.  The  one  chosen  here  is  that  of 
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Flgur^U  INTERNAL  FRICTION  IN  RECRYSTALLIZED  TANTALUM 
(NOMINAL  RESONANCE  FREQUENCY  67 CPS) 
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1000  TAN 


Figur*;5  INTERNAL  FRICTION  IN  RECRYSTALLIZED  TANTALUM 
^ NOMINAL  RESONANCE  FREQUENCY  36CPS) 
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1000  TAN 


Figiir*I6  INTERNAL  FRICTION  IN  RECRYSTALLIZED  COLUMBIUM 
(NOMINAL  RESONANCE  FREQUENCY  250 CPS) 
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1000  TAN 


Figufi?  INTERNA..  FRICTION  IN  RECRYSTALLIZED  COLUMBIUM 
(NOMINAL  RESONANCE  FREQUENCY  66 CPS) 
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(19) 


Wert  and  Marx  ,  whloh  is  based  on  the  e<iuation 
Q=  RT  +  TAS 

In  this  equation  'V-  is  the  atomic  frequency  and  ^rr\  the  frequency  at  which 
nuodmum  damping  occurs  in  an  experiment  where  the  teif>erature  is  held  con¬ 
stant  and  the  frequency  varied* 


In  our  eiqierimental  approach,  the  frequency  is  held  relatively  constant 
and  the  taaperature  is  varied*  Therefore  t  is  replaced  in  Equation  (19) 
by  Xrrt  ,  the  absolute  teiiQ>erature  at  which  maxi  warn  dmping  occurs* 


The  greatest  error  is  Introduced  by  the  uncertainty  In  the  entropy*  How¬ 
ever  this  error  is  relatively  small*  The  tern  is  usually  less  than 

10^  of  the  value  of  and  can  be  calculated  to  a  fair  degree  of 

accuracy  from 


A5  =  Gj 


OT* 


/  elastic  iBOd*  at  JbeggjJT 

elastic  mod*  at  ref.  temp* 


Obviously  some  iteration  is  required  to  minimize  any  errors* 

Equation  (19)  is  also  relatively  insensitive  to  the  location  of  X'm  • 
The  e]q>erimental  accuracy  used  in  this  work,  idiich  was  only  CMSidered  a 
spoteheck  aqpproaeh^was  sufficient  to  reduce  possible  errors  to  within  a 
few  hundred  calories  per  mole* 
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A  mora  iraolse  relation  for  ttie  evaluation  of  internal  friction  data  was 

(29) 

derived  by  Zener  and  la  of  the  fora 

R  A  )  =  Q  C  '/Ta  -  'A  )  (20) 

Haro  the  atonic  frequency  and  the  entropy  do  not  enter  into  the  evaluation. 
Hovever,  this  equation  is  so  sensitive  to  the  location  of  T »vi  that  with 
noraal  e^qperiaental  procedures  and  consequent  experimental  errors,  the 
reliability  is  not  better  than  that  obtained  with  Equation  (19). 

The  following  tables  give  the  results  of  the  internal  friction  measure- 
aents.  The  data  were  taken  for  two  frequencies.  Ihls  is  not  required  by 
Equation  (19)  but  serves  to  increase  the  reliability  of  the  results. 

The  atonic  frequencies  were  calculated  from  rate  theory  for  each  temper¬ 
ature.  The  latest  available  data  on  the  change  of  dynamic  elastic 
modulus  of  tantaliuR  and  oolunbium  were  used  to  calculate  the  entropy. 


TANTALUM 


-FCcp*) 

vCid’cpO 

«(%-) 

Probable  Source 

1 

67 

2.13 

.98 

3.1*7 

2571*21 

oxygen 

2 

36 

2.15 

.97 

3.U7 

26IO0J 

COLDMBIUM 

1 

66 

1.93 

1.06 

3.16 

2auoo'l 

oxygen 

2 

250 

1.75 

1.19 

3.16 

29900 J 

3 

66 

1.U9 

1.39 

1*.10 

377001 

carbon  and 

k 

250 

1.UO 

1.U8 

li.lO 

381*00  J 

nitrogen 
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If  it  cm  be  aseuaed  that  the  entropy  Talues  are  accurate  to  within  >  1 
a  deviation  of  approxinately  +  $00  cal/mole  reaulta  in  the 
iqpparent  activation  energy  of  O  in  To.  and  Cb  }  nnd  a  deviation  of 
approxiaately  *  700  in  the  apparent  activation  energy  of  C  and  Ki  in  Cb  . 
The  naxtin  experinental  error  due  to  locatinf  Tnoresults  in  a  deviation 
of  +  300  eaVnole  for  the  case  of  O  in  Cbat  66  cps* 

The  identification  of  the  activation  energiee  ie  based  on  the  data  by 

(27) 

Powere  and  Doyle  .  The  tantalun  data  agree  quite  well  with  those  of 
Powers  and  Doyle*  However,  those  fen*  oolmhlun  are  approxlBately  lOit 
higher  for  both  peaks  observed*  No  theoretical  or  ezperiaental  expltnation 
is  readily  available  for  Ihis  discrepancy* 

It  nay  also  be  noted  that  in  Figure  ll|  the  Internal  friction  rises 
sharply  again  to  the  left  of  the  spparent  oaygen  peak*  Oils  is  to  be 
expected  Inasaueh  as  the  peak  for  hJ  in  To.  should  occur  at  about  1*6 
X  10**'^  (^K)  for  an  anticipated  activation  energy  of  approxiaately 
37»500  cal/nole^^^  \ 
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Hldl  IBfPESATUBB  STUDIB 


DiaCOSSKW 


lh«  wnfc  diaeuBaad  in  this  aeotion  ia  of  ymry  pralinlnary  natora.  It 
rapraaanta  tba  initial,  eacploratory  phaaa  of  a  progrm  nhoae  objeotiva 
it  ia  to  aatabliah  tte  praaence  and  cauaaa  for  analaatieity  in  tantaloa 
and  coliabiun  in  a  taaqperatura  ranga  axtending  up  to  3000**  F*  Though 
thia  progm  aa  auoh  r^raaanta  an  extanaion  of  the  aozlc  diacuaaad  in 
tha  prariona  aaetion  it  ia  anticipated  that  entirely  different  nechanis«B 
control  tha  aaalaaticity  in  the  high  temperature  region* 

At  thia  early  data  it  appeara  not  vary  uaeful  to  diacusa  phanonana  reaulting 
from  anelaaticity  andi  aa  yield  delay  and,  poealbly,  upper  yield  pointa* 

It  ia  more  appropriate  to  Unit  the  conaiderationa  to  anelaaticity  itaalf 
aa  defined  baaieally  fay  a  phaaa  difference  between  the  a  trees  and  atrain 
hiatoty  of  a  natarial*  It  ia  for  thia  raaaon  that  tha  initial  eaphaaia 
of  tha  ajqperimeotal  work  will  be  on  Internal  friction  which  ia  as  powerful 
a  tool  for  identifying  analasticity  neohnlsns  as  is  spectroscopy  in  other 
fields  of  scianoa*  Caiwful  internal  friction  naasuramants  can  raraal  not 
only  tha  oontxlbntors  to  tha  aachanisn  but  also  tha  nannar  in  which  they 
contributa* 

Tb  amplify  on  tha  atatamant  that  contributors  other  than  interstitials  are 
naeasaaxy  to  causa  analasticity  at  high  taivaiaturas  it  nay  be  halpfbl  to 
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consider  a  typical  exaaple.  The  relaxation  tine  of  the  diffusion  process 

of  nitrogen  in  tantalun  (  ^  38000  cal/mole)  varies  from  approximateljr 

lt(  ,  0  -It 

10  seconds  at  room  tenperature  to  1  second  near  uOO  F  and  30  seconds 

0 

near  1000  F.  The  relaxation  tines  of  hydrogen  in  tantalun,  liilch  appear  to 
have  such  a  significant  effect  on  the  neiastloltgr  of  tantalun  near  roon 
tenperature  are  orders  of  magnitude  snaller  than  those  of  nitrogen.  Ob¬ 
viously,  at  veiy  hig^  temperatures  such  interstitial  contributions  can 
barely  be  observed. 

At  these  higher  tenperatures  we  can  however  suspect  that  mechanlsns  such 
as  grain  boundary  viscosity,  which  appears  very  generally  to  have  acti¬ 
vation  energies  equivalent  to  those  of  self  diffusion  (of  the  order  of  100,000 
oal/isoi*  1°  «oat  bee  metals)  ,and  probably  praferrential  diffusion  of  sub¬ 
stitutional  solute  atone  of  significant  geometrical  and  electrical  misfit, 
or  pairs  thereof,  will  have  a  marked  effect  on  the  anelasticity.  Vlthout 
referring  to  specific  experimental  values  it  can  be  said  that  the  relaxation 
times  of  these  latter  mechanisms  are  from  three  to  ten  orders  of  magnitude 

larger  than  those  of  interstitial  diffusion.  Ihis  is  nicely  demonstrated 

(  29) 

in  the  Illustrative  relaxation  spectrum  presented  by  Zener. 

Of  particular  Interest  is  the  contribution  made  by  grain  boundaries.  It 
was  therefore  decided  to  make  this  the  first  paranster  of  the  hi^  teq^ 
erature  relaxation  spectrum  analysis.  At  the  high  temperatures  ihlch  are 
oontesplated  for  the  eaperimental  program  it  may  well  be  that  slgnlfleant 
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ehangM  la  graia  alia  occur  daring  the  expetiaentation  due  to  aecondary 
graia  growth  (aboi«  the  raciyatalliiatloa  ta^wratara).  It  la  hoped  that 
thia  will  lead  to  additional  Intereating  reaulta.  Iheae  mjr  be  of  eon* 
aiderabla  practical  value  since  vazy  hl|^  tmspentvr*  application  la,  to 
aay  the  leaat,  not  unconnon  for  refractory  Mtala* 

To  auppleaent  or  coaplsment  the  Internal  friction  data>  almultaneoua  4]rnu>le 
■odulus  aeaaurenenta  will  be  aade. 

Although  the  eaphaaia  in  the  initial  phaaea  of  the  work  will  be  on  the 
relaxation  apectnue  aa  detexuiined  by  internal  friction,  work  has  alao 
started  on  the  streln  rate  sensitivity  of  the  materials  under  investigation 
with  grains iae  and  tenperature  being  the  ezperiaental  parsneters.  As  in 
the  case  of  the  medium  teaperature  studiea  this  will  permit  an  early  ex¬ 
ploration  of  teqjerature  ranges  where  such  phenomena  as  yield  delay  can  be 
reasonably  expected  to  be  observed.  It  is  again  anticipated  that  the  time 
to  yield  under  various  strain  rate  conditions  is  at  least  indicative  of  the 
yield  delay  time  that  may  be  expected  if  a  stress,  equivalent  to  the  yield 
stress  for  a  particular  strain  rate,  is  applied  very  r^ildly  and  maintained 
constant. 

The  strain  rate  eaqmrimsnts  will  alao  yield  Arain  nte  coefficients  as  a 
function  of  teaperature  and  gralnsise.  These  stmln  rate  coefficients,  much 
like  internal  friction  data,  will  provide  additional  infer  nation  on  apparent 
relaxation  peaks. 
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Daring  lha  initial  portion  of  the  hlih  teoperature  Bta<i]r  tho  tensile  and 
intenal  Arietion  equipaent  ms  redesigned  and  aodified  as  required  for  high 
teuperature  «oi4c  with  pore  refiraetoqr  aetels* 

Ibe  tensile  unit  as  described  in  a  previous  section  has  all  provisions 

for  high  tenperature  (^ration.  However  in  this  specialised  research 

effort  It  was  nendatoxy  that  any  oxidation  of  the  specimens  be  prevented. 

To  IhiB  end  the  test  chamber  was  redesigned  to  petnit  high  vacuum  operation. 

In  addition^  the  test  ehanber  was  provided  with  the  necessaxy  eoiq>onents 

to  permit  purging  with  inert  gases.  A  new  set  of  teiqplin  type  grips  was 

also  manufactured  for  holding  1/h  inch  diameter  specimens  at  tasperaturos 
0 

up  to  3000  F. 

A  more  thorough  redesign  was  necessary  on  the  internal  friction  unit  which 

was  oxlginally  built  for  operation  at  a  maziinui  tesperature  of  ipproxinateiy 
o 

1000  C.  Ihe  basic  mode  of  excitation  and  detection  remained  the  earn  aa 
described  earlier.  However  all  eoaqponents  exposed  to  the  high  tesperature 
envlronMnt  as  mU  as  the  heater  and  beat  shielde  were  replaced  bF  oolum- 
bium  parts  and  the  general  cionfigurstion  sijplifled  to  permit  high  vacuum 
eedling  of  all  ooiqionants  in  an  all  mstel  vacuum  eneloaure.  This  unit  is 
now  being  asseahlad. 

As  pointed  out  in  the  disoassion«  grainaise  was  chosen  as  a  pximaxy  ex- 
perinantal  psarameter.  fbr  this  pnxposs  a  esroful  studF  «••  eanrlsd  dot 
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to  evtabllsh  a  rapeatable  speciaan  preparation  technique  irtiich  did  not 
suffer  fron  introducing  uncontrollable  factors  due  to  differences  in  beat 
treatment* 

Ibe  material  used  for  this  study  ves  the  sane  as  that  used  in  the  mediuB 
teiqperature  woxk*  Ihe  resulting  techniques,  after  an  unsuccessful  try 
to  establldi  a  more  economical  approach,  consisted  of  prestralnlng  recry- 
stalllsed  specimens,  both  tantalum  and  colunbiua,  to  vailous  percents  of 
elongation,  and  subsequently,  recrystallising  all  specimens  at  the  same 
temperature  and  for  equal  lengths  of  time.  Figvires  18a  throu^  I6d  in¬ 
dicate  the  final  gralnsises  chosen  for  preliminary  ejqierijnents.  The  spec¬ 
imens  with  larger  grainslse  were  strained  1$%  prior  to  final  recrystallisation 
o 

at  1300  C.  In  lieu  of  the  ayailablllty  of  the  high  tsnperature  internal 
friction  unit,  strain  rate  experiments  were  carried  out  with  a  limited 
nuidber  of  arailable  q>eolinens.  Strainratee  of  .005  inches/second  and 

o 

•OOOOU  inches  per  second  were  utilised.  The  temperatures  ranged  from  500  P 
o  o 

to  2900  F  at  200  F  internals. 

It  was  eetabliflhed  that  oxidation  problems  could  be  prevented  with  the 

system  on  hand  to  the  hipest  tsnperature.  It  was  also  definitely 

established  that  the  strain  rate  sensitivity  was  very  sensitive  to  grainslse 

over  various  portions  of  teaperature  range.  For  ezaiiple,in  liie  case  of 

tantalum,  the  smterial  with  the  larger  grainslse  was  considerably  more  strain 

^0  0  o 

rat#  satiaitiT#  In  the  r#glon  fron  1500  F  to  1900  F  and  abore  2600  Fj  tlian 
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w«a  the  Mtterlal  with  the  eaeller  grelnaise.  This  trend  wee  reversed  neer 
0 

500  P  end  near  2500  F*  It  is  prsMture  to  present  end  evaluete  these 
prelininaxT  date  In  this  technical  report.  Ihe  data  heve  not  as  yet  been 
verified  as  to  their  repeatabllitjjr  and  are  taken  with  eaqperlnsntal  apeoinans 
idiieh  will  not  necesaarily  be  identical  to  those  beLng  procured  for  the 
entire  high  teiqperature  study.  It  is,  however.  Intended  to  present  the 
praliaiinary  data  in  a  fortheoadng  Infomal  progress  report  (Oeneral  Osmanies/ 
Powna  N-3l(5-1192). 
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FI9M  f<  TANTALUM  -  RECRYSTALLIZED  AFTER  75 X  COLD  REDUaiON 


a.  RECRYSTALLIZED  ONLY  (x  150)  b.  15*  STRAIN  &  RECRYSTALLIZED  (x  150) 

COLUMBIUM  -  RECRYSTALLIZED  AFTER  75  X  COLD  REDUCTION 


e.  RECRYSTALLIZED  ONLY  (x  ISO)  d.  15*  STRAIN  &  RECRYSTALLIZED  (x  ISO) 
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SUMMARY  &  00NCLUSI0N8 


The  ehortcoaings  of  theoretical  modela  describing  yield  delay  of  body 
centered  cubic  oietala  purely  on  the  basis  of  dislocation  motion  or  purely 
on  the  basis  of  interstitial  reorientation  hase  been  orereome  by  intro* 
ducing  the  interstitial  *  dLalocation  interaction  when  a  stress  is  implied* 

Ihe  proposed  theoretical  model  indicates  that  preyield  microstrain  is  caused 
by  interstitial  reorientation  during  yield  delay  and  that  the  time  to  yield 
is  controlled  by  the  ability  of  individual  dislocation  segments  to  leave 
their  locking  atmosphere*  The  latter  mechanism^  dislocation  unpinning^ 
is  also  controlled  by  the  reorientation  of  interstitials  into  preferred 
positions*  Conseqiiently  a  similarity  of  activation  energies  for  both 
processes  is  aiticipated*  Die  validity  of  the  proposed  theoretical  model 
was  primarily  supported  by  the  experimental  results  of  mechanical  yield 
delay  experiments  and  by  x*ray  diffraction  measurements  of  the  crystal 
lattice  behavior  under  load^  prior  to  yields  and  during  recovery* 

The  yield  delay  ej^erimenta  established  that  the  affective  activation 
energies  measured  from  laicrostrain  rate  data  and  from  tine  to  yield  data 
are  approximately  the  same*  The  values  range  from  approximately  85CX)  cal/ 
mole  to  IhOOO  oal/nole  between  -97  F  and  200  i*e*^  the  range  over  adiich 

the  noet  reliable  data  were  obtained*  This  stron^y  indicates  that  hydrogen 
reorientation  makes  a  major  contribution  to  the  yield  delay  mechanism* 

The  variation  in  activation  energiea  with  teBq;>eratura  ia  e3q>lalned  in 
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terns  of  an  effective  activation  energy  resultinp  from  multiple  contri* 
butore  to  the  anelastic  behavior  of  bcc  metals# 

The  stress  dependence  of  the  microstrain  rate  as  well  as  of  the  time  to 
yield  was  established  theoretically  as  well  as  es^erimentally  to  be  re¬ 
latively  temperature  insensitive#  Diis  is  in  contrast  to  the  theories 
which  imply  a  significant  reduction  in  activation  energies  by  an  activation 
volume  concept^  which  can  be  expressed  in  terms  of  the  exponential 
VftiilB  the  proposed  model  does  not  dispute  the  presence  of  a  so-called 
activation  vol\u»e  term^  it  indicates  its  relative  insignificance  for  the 

0<r 

conditions  investigated#  A  stress  function  of  the  form  (T  Ji  is 
introduced  which  is  tenperature  indep>endent^  except  for  the  fact  that 
different  stress  ranges  are  by  necessity  employed  in  yield  delay  experi¬ 
ments  at  different  temperatures  and  that  (8  ,  similarly  to  the  effective 
activation  energies  |  is  ejqpected  to  vary  with  temperature  due  to  contri¬ 
butions  by  different  solutes# 

It  is  ahown  that  both  the  temperature  variation  of  the  activation  energies 

and  the  tenperature  independence  of  the  stress  function  have  their  analogy 

in  macroaoopic  creep  as  was  pointed  out  by  the  excellent  results  and  accom- 

(22) 

panylng  survey  bj  Professor  Dorn^  ^ . 

Ihe  x-ray  diffraction  maasurements  shoved  quite  clearly  that  reorientation 
of  interetitials  does  take  place  during  yield  delay#  Anelastic  lattice 
deformations^  following  initial^  alastio  lattice  straini  could  be  observed 
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and  their  full  recovery  eeteblldied.  It  Baat  be  presumed  that  only  inter¬ 
stitials  ean  cause  such  anelastio  lattice  deformation*  Slip  of  dLsloeatlon 
in  isolated  slip  planes  and  even  pile-iq>s  oocuxring  prior  to  yield  cannot 
Introduce  a  general,  uniform  lattice  defornation;  nor  are  dislocations, 
once  formed  likely  to-  disi^pear  and,  thus,  cause  recovery  of  the  lattice 
strain. 

Mechanical  yield  delay  recovery  ejq>eriments  yielded  only  qualitative  in¬ 
formation  which  Indicated  also  that  recovery  of  the  yield  delay  mechanlsme 
does  take  place  but  at  considerabJy  longer  relaxation  times*  Ihls  is  in 

I 

agreemant  with  the  theoretical  model  idilch  Indicates  the  strong  effects 
of  an  applied  stress  and  la  also  in  agreement  wltb  the  z-ray  diffraction 
■easurements*  Recovery  information  from  the  latter  measurements  is  also 
only  qualitative* 

Internal  ftriotion  measurements,  though  yielding  satisfactory  results  with 
respect  to  agreement  with  other  accepted  velues,  did  not  oontrlbute  to 
the  interpretation  of  the  anelastic  behavior  of  tantalum  ai^  columblum 
in  the  tsi^rature  ranges  investigated  in  Ihls  phase  of  Ihe  contract* 

It  was  initially  anticipated  that  oxygen,  carbon  and  nitrogen  would  pri¬ 
marily  contribute  to  the  anelastic  behavior  as  it  did  in  other  hoc  metals* 
However  it  soon  became  apparent  that  hydrogen  was  the  controlling  inter¬ 
stitial*  Due  to  the  low  activation  energieB  of  hydrogen  diffusion,  low 
tamperature  Intemal  friction  work  would  have  been  requlrmd*  The  avail¬ 
able  unit  was  not  capable  of  this*  Ihe  data  obtained  will  be  valuable  for  a 
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future  phase  of  thi 3  contract 


This  phase,  a  stw^r  of  hl^  tenperature  anelastlcltjr  of  tantalum  and  ooluie* 

o 

blua^was  Initiated  with  modification  of  equipment  for  operation  up  to  3000  i' 
in  a  protectlim  environment  and  vllii  the  development  of  8aiiq>le  preparation 
techniques  for  controlling  gralnsizes.  Initial  tensile  e]q>eriment8  were 
perforaed  on  available  specimens.  These  exploratory  data  are  not  pre¬ 
sented  in  this  report.  Though  Interesting,  they  are  as  yet  not  reliably 
verified  due  to  extronely  limited  sampling. 
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APPENDIX  A 


PHB-YIEli)  STRAIN  AND  STRESS  INDUCED  DIFFUSION  IN  BCC  METALS 


bee  STRUCTURE. 


The  prfyleld  strain,  £  ,  of  a  metal  for  a  given  load  history, 

may  consist  of  a  purely  elastic  tein  plus  a  diffusion  Induced  strain, 
•  This  can  be  expressed  as 


at  the  time  -t 


Ihe  unrelazed  modulus,  ,  Is  used  here  beesuse  it  corresponds  to 

the  modulus  observed  when  the  strain  rate  is  too  high  for  significant 
diffusion  to  tske  place  before  yield  is  initiated.  is  therefore 

indicative  of  the  purely  elastic  strength  of  the  metal  under  consideration. 

^<jL  proportional  to 

o 

(A2) 

idiere  y-  i*  the  radius  of  the  interstitial  atoms.  is  the  number 

of  interstitial  atoms  entering  the  preferred  lattice  positions  per  unit 
time. 

From  the  theory  of  diffusion  in  solids,  it  is  eiqpected  that  diffusion  of 
interstitial  atoms  is  governed  by  Fick's  lam,  with  the  proper  modifications 
for  random  walk  phenomena. 

By  Flok's  first  law,  the  flow  J*  of  atoms  per  unit  area  normal  to  the 
flow  and  per  unit  time  is  given  by 


0-=  -  D 


d  n 

OX 


(A3) 
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Khere  O  is  the  diffusion  coefficient  and  dh) con¬ 
centration  gradient.  Also,  Flck's  second  lav  introduces  the  time  rate 
of  change  from 


an  _ 
at 


D 


ax^ 


(Ah) 


For  random  walk  in  one  direction,  (say  the  x-direction)  I^ls  given  Iqr 
-t  ,  idiere  dL  is  the  distance  between  neighboring  interstitial 

positions  and  the  mean  frequency  of  Jumping  in  the  x-direotLon. 

In  the  xinstressed  bcc  lattice  there  is  equal  probability  for  an  inter¬ 
stitial  to  junip  forward  or  backward  in  any  one  direction*  From  the  figure^ 
it  may  also  be  seen  that  one  third  of  the  interstitial  atoms  may  Jump  in 
the  X  and  y  direction^  one-third  in  the  x  and  z  direction^  and  one- third 
in  the  y  and  z  direction*  From  these  two  observations^  the  average  Jump 
frequency  can  be  expressed  as 


f;  =^(1-)  Tx/ j(-T)  Px  =  ^r< 


Since 


Thus 


D=-—  cL^  Fo  =  fo  “  lattice  constant) 


Now  in  the  unstrained  lattice 

D^=D 


(15) 
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The  frequency  Q,  with  which  an  Interotitlal  will  jump  Into  a  neigh¬ 
boring  position  depends  on  the  number  of  attempuea  jumps  and  the  hel^t 

of  the  barrier  It  has  to  oTercone.  This  Is  illustrated  In  the  final 

(30) 

expression  for  the  unidirectional  diffusion  coefficient 

(a6) 

where 

U*  ■  frequency  of  atomic  vibration 
Q  -  activation  energy  for  Interstitial  diffusion 
R  ■  gas  constant 
T  ■  absolute  temperature 
AS  ■  change  in  entropy 

I 

A  good  estimate  of  is  given  by  >  where  m  is  the 

mass  of  the  interstitial  atom.  Also,  to  tpproxlmately  evaluate  the 

relation  AS  =-Q‘d((;7/(9.)dT "By  be  used,  where  o-.  is  the  shear 
modulus  at  the  reference  teiperature  7^  •  itself  can  be  eval¬ 

uated  experimentally  to  a  fair  degree  of  accuracy. 

The  concentration  of  interstitial  atoms  in  all  positions  will  vary  with 
time.  During  a  sufficiently  small  interval  of  time,  ^-t;  ,  the  concen¬ 
tration  of  interstitial  atoms,  n,>  ,  will  always  be  large  compared  with 


92 


the  fraction,  An,-  ,  leaving  the  respective  positions,  so  that  in  the 
limit  we  may  setcir)- =:— XMj  d't,A.belng  a  proportionality  or  decay  con¬ 
stant.  'Ihus,  at  any  time,  -t  , 

-•X-t 

U7) 

Ve  then  find  £ron  Pick's  second  lav 


n,-  = 


Sh 

OX 


D  ** 


dx 


(A8) 


where  again  is  the  distance  between  neighboring  Interstitial  positions. 
Then 


^Vt=o 


(A9) 


Ihe  assun^tion  Is  now  made  that  all  nearest  neighbor  positions  surrounding 
the  interstitials  are  empty*  This  is  reasonable  for  the  usually  low  con¬ 
centration  of  interstitials*  !Ihen  the  initial  concentration  gradient  is 
siiqply  /cL  )•  This  results  in  a  decay  constant >  defined 


=  -  X  n  ; 


(AlO) 
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It  must  be  noted  that  X  ^llee  to  unidirectional  jump  probabilities 
onlj*  For  the  three  dijnensional  case  x  ^  r  in  the  unstrained 
lattice  since  there  are  four  neighboring  positions  for  each  interstitial^  • 

The  application  of  a  stress^  or  better^  the  resulting  lattice  deformation^ 
will  create  preferred  and  nonpreferred  interstitial  positions  by  a  change 
in  the  local  lattice  energy*  With  respect  to  the  diffusion  equation  this 
is  accounted  for  by  a  variation  in  the  activation  energy*  Normally^  this 
change  is  considered  proportional  to  the  applied  stress*  We  may  then 
correct  the  activation  energy^  for  diffusion  into  the  preferred  position 
=  ,  and,  arbitrarily,  for  the  reversed  direction 

Considering  the  unit  ceil  positions  of  Interstitials  in  the  strained  bcc 
lattice,  as  shown  in  the  figure  below,  we  can  treat  the  random  walk  pro¬ 
cess  in  terns  of  two  unidirectional  jump  frequencies,  one  for  atone 
leaving  the  preferred  positions  and  one  for  Ihose  entering* 


Of  the  three  basic  positions  one  is  preferred  and  all  nei^boring  positions 
are  nonpreferred*  Two  positions  are  nonprsf erred,  i*e«  each  contains  one 
half  of  the  interstitials  in  the  nonpreferred  positions,  and  only  one  half 


of  the  atteapts  to  leave  are  in  the  dlrectlm  of  a  preferred  neighboring 
poeltlon.  This  can  be  described  ae 


•  n 


(All) 


consequently  for  unidirectional  iwtp  panocesses 


n  =  9  *0 


e  «  ~Jia/ rT 


n-^p“4^  'n-^P^ife 


(A12) 


Using  the  saoe  notation  as  for  the  unstrained  ease,  w  note 

Now,  to  detemlne  the  net  rate  of  interstitials  ju]l^>lng  from  the  non¬ 
preferred  into  the  preferred  positions  the  following  set  of  linear  diff¬ 
erential  equations  must  be  solved: 

p -»•  n  ”  ~  ^p-^r> 
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This  set  has  a  solution 


■no  =  C, +Ca  -a 


(Alii) 


From  the  initial  conditions 


^p=  ^  p-*-r» 


^p“  *^ho 


C±=o) 


np=  C-t=o) 

ve  find 

Y)  _>nCnpo+  '^no)  An  *^ho~  ^p'^po  ~  (An+Ap)"*^ 

^  ^n~^  Ap  Atn  +  Ap  (A35) 

and 

*='p=  (>>nnno->p'-'Po) 

Equations  (Al5)  and  (Al6)  show  the  following  expected  features.  The  con¬ 
centration  of  interstitials  in  the  preferfed  position  and  therefore  the 
anelastic  strain  reaches  a  finite  or  equilibrium  value.  Likewise,  the 
strain  rate  appsnoaches  aero  with  time.  In  yield  delay  esqperiments  this 
is  not  necessarily  observed  since  the  time  to  yield  is  relatively  small. 


From  Squations  (AlO),  (All)  and  (Al6}  we  Cipa  write 


sino. 


J2i 

hi  ^ 


_j^-Sfa/rzT 

^tno-<-»^po-^h,-».-Ln. 


(A17) 


96 


If  ttie  conditions  Jl^*ad  Jlcj^RT  hold,  we  can  utilise  the  ^ppro^- 
■ation 


(Al;b) 


Since  -x  is  then  also  such  larger  than  A  p 
Consequently  the  cnelastic  strain  rate  is  given  by 


(A19) 


During  yield  delay  ejq)eriment8  the  ejqponent  is  initially  vety 

small  afid^  as  expected,  a  constant  strain  rate  is  'observed  during  a  portion 
of  the  experiment*  It  must  be  carefully  considered  in  the  data  reduction 
that  Ihis  is  not  true  durin^j  the  lAiole  experiment  unless  the  time  to  yield 
is  small* 


1!hus,  for  the  ’’initial”  or  linear  portion  of  the  strain  rate  we  can  utilize 
the  following  relations  for  data  reduction* 


j2rr\  6=  A-  Q  (<J  ■  constant)  (A20) 

^  =  B  O"  ■  constant)  (A21) 
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Al8o«  Bijuatlon  (Al5)  can  be  «pproxlnated  by 


-rip= 

r  s 

=  L'~^  J 


(A22) 


or 


«^p-  -—[i+a^Kt] 


Thus 


^  £>2^_  I  ^  „  fio/RT 


idileh  la  the  ame  result  as  (Al8)  for  aaall  Talus  of  7v.p^-tr< 


Finally,  Equation  (Al)  for  arbitrary  application  of  the  load  can  be 
wrlttent 


v,n;^ 


-  G>-Q^tt)  _Xy^-t 
RT  0 


dLt 


(A23) 


provided  the  coodltloiiB  Jic  ^RT  and  SL"^  Si!  are  applicable, 
Othendse,  Equation  (Al5)  or  (Al6)  anat  be  Introduoed  In  (Al). 
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B 


smss  IMDUCID 


IH  THE  ACTIVinCBI  EMERai  OF  INnSSTITIAL 


Sw  affaet  of  strain  on  tho  Jnqp  froquenoy  for  diffusion  has  boon  rtusm 


by  Oirifaloo  and  Orinss 


(  32  ) 


to  ba  reprsscnted  by  Ifaa  following  esprossiont 


-  r*©  ,^-P  ^ 


idlers  m 


Pq  *  jump  frequency  in  absence  of  Applied  stress^ 

M  >  Boltsnazxi*8  constant  T  •  absolute  te^wrature^  *  strain 
tens  oar 


and  Is  the  potential  energy  of  the  system  with  the  diffusing  atom  at 

Its  aetlTated  position  and  ^  nomal  configuration#  In 

order  to  obtain  the  statistical  arerages  the  potential  energy  Is  expanded 
In  nomal  coordinates# 

idlers  <P  ( o)  is  the  potential  energy  idisn  all  the  atoav  are  at  their  aean 
positions  for  a  particular  strain,  and  ouj  and  represent  natural 

frequencies  and  nomal  coordinates  respectlTsly*  Now 


d£> 


L- 


^(P(oy 


+  Z  cj\ 


6-0 


dL£ 
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It  is  at  this  point  tnat  we  deviate  from  the  derivation  of  Qlrifaleo  and 

O  4>  (oi^ 


Qrlaea.  Ihe  tem« 


-oe 


^  .  1. 

/e-o 


not  equal  to  aero  since  there  is 


an  interaction  of  the  particles  of  solute  with  the  solvent*  Otherwise  there 

would  be  no  lattice  deforsation  associated  with  the  presence  of  interstitials  * 

(  33) 

Fastov  represents  this  interaction  mergjr  in  a  normal  position  as 

(B3) 

From  this  expression  one  can  see  that 


ybef  Ckw.  number  of  solute  atoms  in  the  x  position.  In  our 

case  we  can  set  I  ,  Dms  for  the  change  in  potential  energy  with 

strain  we  obtain 

Z>ct>_ 

/O 

tor  an  interstitial  in  the  x  position  In  terns  of  a  Modified  Onmlseo 
parameter  V-  =  -  AJln  ui  ^ 


(BU) 


cAe, 


0(pC 


Substituting  this  expression  into  the  eq^tlon  for  the  statistical  average 


< 


i*s  obtain 


(B5) 
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and  represent  strtM  induoad  ordering  perunters*  Tbue  for 

the  ease  of  ai^ple  elaatlo  tenalon  vo  obtain  for  a  prefeired  position 

-^  =  ihcp  -j^[(i-8-v)j^,+i*]e|jap  (i-Sv).^Z(rri-Y^)ej  (B6) 
where  ir  is  Poisson's  ratio,  and,  for  a  non-preferred  position 

=  -j^[(l-Z'v)Jlr^^z]  ej  £(7r^-Y^)£j  (B7) 

The  stress  Indaeed  antropy  of  aetiTstion  can  be  obtained  from  the  relation 
AS  =  ^r--fexj8H'^'"  ,  where  H,  and  35^^  are  the  partition 

functions  of  the  aetivated  and  noxaal  configuration.  Ihus 

JsT  -  ^[(i-ev)i,-».4]  £+(/-2Tf)  ^  (vf-Yf)  6  j 

or 

A5  =  -fe  (l-2ar)  (B8) 

It  is  sasn  that  the  effect  of  strain  on  the  lattice  frequencies  near  a 

defect  is  also  reflected  in  an  entropy  change*  Fron  the  reciprocal  tenp^ 

erature  dependence  of  the  interstitial  relaxation  strength  obeerred  in 

(27  ) 

the  Oroap  V  transition  astals,  one  can  conclude  that  the  stress  in¬ 
duced  ordering  paraaeter  for  interstitial  diffusion  is  relatively  tenp- 
erature  independent. 
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It  la  of  Interest  to  nake  a  theoretioal  calculation  of  the  actlTatlon 

♦ 

energjr  and  ordering  parameter,  Jl  ,  for  an  interstitial  inpurlty  in  a 
typical  bcc  metal. 


ilthouj^  a  theoretical  calculation  of  the  actlTatlon  energy  by  a  continuum 
(3U) 

elasticity  theory  gives  fair  agreement  with  experiment,  the  inter¬ 

nal  consistency  of  the  large  deformation  correction  is  questionable.  This 
calculation  entirely  neglects  chiemieal  valence  effects.  Actually  the 
energy  of  activation  is  nob  just,  due  to  elastic  strain,  there  is  a  non- 
elastic  deformation.  We. will  use  a  repulsive  potential  as  Huntington  did 

(35  ) 

for  fee  crystals.  We  will  also  include  electrostatic  interactions 

determined  from  a  Ihomas-Ferml  model  which  considers  the  effect  of  electron 
redistribution  on  long  range  interactions. 


Repulsive  Energy  -  The  Bom-Mayer  potential  energy  Is  of  the  form 

n-t-fj 


v(r)  =  a(i+^+fi)  e  V  e 


_ C- 


(B9) 


idiere  2  -  valenqr  of  atom,  ■  number  of  electrons  in  outer  closed 
shell.  We  will  take  /O  to  agree  with  the  early  work  of  Bom  and  Mayer, 
"  .3U5  The  radii  of  the  ions  will  be  taken  to  be  ^ 

■  .15A**  and  JT  .62 


(36  ) 


In  order  to  determine  the  interaction  constant  in  ttie  Bom-Nayer  potential 
for  a  carbon  atom  and  some  other  metalUe  atom  we  will  minimlee  the  re¬ 
pulsive  energy  with  respect  to  local  strain  in  the  case  of  iron  and  select 
the  value  of  the  constant,  b  ,  which  will  give  agreement  with  experiment. 
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Ihe  eaperimntal  Talue  of  local  strain  la  0«19y  which  was  detez«ined  Iron 

(  38) 

■artensitic  tetragonalltgr*  The  r^olsive  energies  are 


(Fe*-c) 

(Fe-Fe) 


(BIO) 


Paraneters  of  the  Fe-Fe  and  Mo-Mo  repiilslee  interaition  were  detennined 
from  the  calculated  parameters  of  the  Morse  potential  for  cubic  metals. 
The  resulting  value  of  cu  is  0.15  for  both  metals. 


Ue  will  calculate  E  i  ,  the  interstitial  interaction  energy,  for  the  hole 
position,  by  summing  the  two  body  Intermetlons  for  an  interstitial  and  two 
displaced  host  atoms.  The  energy  of  the  co^)lex,  Eq  ,  will  be  calculated 
by  suBsdng  interactions  for  2  displaced  host  atoms  and  22  non-dlsplaced 
host  atoms. 
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Ei=  77  e  j-4-.57(l+0) 

Ec  =  62^0  e-|-4.57(24.(l  +  ||)*  ^  + 6260  e  1-4.57(24(1-^)')'^^ 

+  7820e|-792j 

vhere  is  the  displacement  of  nearest  neighbor  atoms* 

a 

ttie  Talae  of  ^  -  0*10  was  calculated  by  minimiaing  this  repulBire  energy* 

To  calculate  the  energy  of  the  barrier^  ve  let  E  ^  be  the  interaction  energy 
of  the  interstitial  and  h  displaced  host  atoms  and  Eq  the  interaction 
energy  of  U  displaced  host  atoms  and  20  non^iisplaoed  host  atoms*  ^en 

E.j  =  154-  JUcfD  |-5.ie(l+<i)j 
Ec=®e60  je»cp|-4-.57 

+  3130  jaJCf>|-798(l+<S)|  +i&£eO  2Jl:p|-4-.57[l+(l 

+6260  6;/Cp  |-4.57  [l+(l  +  §-)^+(l-i)®]'^j  *  (®^2) 

where  Sdi/£  is  the  displacement  of  nearest  neighbor  atoms.  From  the 
minimisation  a  value  of  6  *  0>05  vas  calculated.  Hie  resulting,  values 

i 

of  energy  are  ,  ^  ^  _ 

E  (tM>ic)R,=  7.S©  ca;. 

Eleotrostatic  finercr  -  In  order  to  consider  eiectrostatie  interaetioxv  we 
shall  only  oonsider  interaetiona  with  6  host  atoms  and  8  host  atoms  in  the 
hole  and  barrier  position,  respectively.  This  is  possible  because  the  inter¬ 
action  is  screened  by  conduction  electrons. 
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Lasarua*  raeolt  for  the  potential  la 

-e  3^)e>^Vs_, 

*”•  f-  =  l"^r7  -  '■*' 


) 


(B13) 


and  ia  the  valenoe  difference,  and  tOo  is  the  conduction  electronic 

,  (kP) 

denalt^,  taken  to  be  1  electron/atoa  for  Mo.  Laaarus'  original  theory 

«aa  applicable  to  aubatltutlonal  iinpuritlea.  In  an  interstitial  solution 
we  are  not  merely  replacing  regular  atoms  and  thus  we  are  Interested  in 
the  total  potential  energy  of  an  Impurity  atom.  Since  the  valence  charge 
of  carbon  is  -t-U  the  sign  of  electrostatic  Interaction  represents  repulsion. 
Ihe  charge  of  the  .molybdenum  atom  which  the  screened  carbon  atom  inter¬ 
acts  with  will  ba  taken  to  be  *6,  Although  the  lid  electrons  do  not  fill  a 

band,  their  effective  mass  is  large  (small  band  width)  and  they  are  thus 
(  1*1) 

local! Bed. 


Actually  the  niunber  of  free  electrons  to  be  used  in  determining  the  screen¬ 
ing  constant  is  not  determined  simply  fay  the  electron  arrangement  in  the 
outer  s  and  d  atomic  levels.  It  is  known  from  band  theoxy  that  the  d  and 
s  bands  overlap  and,  as  a  result,  there  are  deviations  Arom  the  siiq^le 

picture,  there  always  being  less  than  one  s  electron  per  atom  in  the  tran- 
(1*2  ) 

sitlon  elements. 

(  1*0  ) 

More  accurate  solutions  of  the  Ihomas-Fenii  equation  for  repulsive 

electronic  forces  gives  a  potential  of  the  fonn 

<(>(0=  — 0 
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for  tlc^tljr  bound  electrons.  Tbe  potentlel  energy  of  carbon  in  ■olybdoo\in 


173 

V  =  &Cp-S.  S3»- 

for  oC  •  0.5*  Thus 

and 

E ( ba>-n eOg  =  e  ?.06 [(i  +  <S]F4  ( l-h 4")*] 

+  e  (— 4.7)  =  1 9.  5  6>  fiir  (316) 

Therefore,  E(hole^  ■  26.77  «▼.  and  B  (barrier)  ■  28.16  er.  Fron  the 

difference  in  barrier  energy  and  the  energy  of  the  interstitials  in  the 

equillbriua  position,  the  actiTation  energy  for  diffusion  is  calculated 

to  be  32,000  cal/mole  for  nolybdenua.  This  Talue  is  in  reasonable  agree* 

(  8  , 

aent  vlth  the  ezperiaental  value  ranging  fron  25,000  to  33,UOO  eal/>a>la. 

In  order  to  calculate  the  stress  Induced  ordering  parameter  JL  «e  nnst 
calculate  9E/  QG  at  the  barrier  position  and  a  non-preferred  hols 
position.  In  terns  of  naaLl  elastic  strain,  the  energy  eiqpresaions  are 
given  by  the  followingt 

E  (hol«>  77  e^-  4. 57(1.  l)Cl-ve)j+  6260e|-8.e  (-.6bV£)  J 

+6260  e  j- 766(’H‘.36e-.  64V£)  j+780oe|-7.92(l+^£-§V£)^ 
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E  (ba  f  f  I  eO = ^'7  e  j  -  5. 1  £  Cl  .0  bXi +-|- -  ^)  j  +  7  7e  s.  IS  (i  .o5Xi--v£)  j 
+3l3ej-4.57(l.93-l.96v£+.9)]+3l3ej-4-.057(l.93-l.86V£+e)j 
H-31 30e[-?9e(UO5Xl-f|-|v£)j+5>3O®[-4.57Cs.03-|.96V£-f-  M6)j 
4-31 30  e  4. 5 7(2.05+  £ -S. 06-V  ej 

4-3 1 30  e  [-4.57(l.984.9£-8.06V£')j-h^'^^^^^-^  6  [-3-02  (l  +*.  5 
4  -^^^^^e|-4.7(|-V£)|-|-3l30e|-4.57(l.98-Ht-l.96'U£)]  (B18) 


We  neglected  the  variation  with  strain  in  as  compared  to  • 

?rom  the  abo've  expressions  and  using  V  ■  Poisson's  ratio  «  0*32  we  cal¬ 
culated  the  following  derivatives t 


da 


(K.le) 


6~o 


3.3x10 


CO,  1. 

^oie -  p^i 


(B19) 


=-  2. 8X  io~^  Ca  I  (B20) 

£pO  >nole-Psi 

ihsse  results  indicate  that  Wiile  there  is  an  effect  of  stress  on  the 

energy  of  the  interstitial  in  the  equilibrium  position  there  is  a  negligible 


/ 

CbahMer) 
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effect  on  the  activation  energy  for  diffusion  of  interstitials  (in  this  ex¬ 
ample  carbon  in  molybdenum)*  Ihis  is  because  the  energy  of  the  non-pre- 
ferred  hole  is  lowered  by  a  oonparable  amount  to  the  barrier  energy* 

Due  to  the  lack  of  appropriate  data  a  similar  analysis  for  H  in  *Tbu  and  C  b 
was  not  carried  out  at  this  time*  However  it  is  possible  to  obtain  a 
reasonable  estimate  of  the  stress  induced  ordering  parameter  for  inter¬ 
stitial  diffusion  in  the  metals  being  considered  from  the  variation  in 

solid  solution  lattice  spacing  with  concentration  of  solute  atoms  in  a 
(U3) 

martensitic  lattice*  The  uniform  variation  with  concentration  of 

(hh) 

hydrogen  interstitials  has  been  measured  for  and  Cb  •  Fisher 

has  derived  an  expression  for  the  change  in  lattice  spacing  with  concen- 

(38) 

tration  in  the  uniform  and  the  martensitic  state*  From  these  ex¬ 
pressions  one  can  derive  the  result 

(martensitic)  * - ^ ^  (uniform)  (B21) 

•Qp  2(i-2v) 

where  ^/3  represents  the  ordering  pararaster* 

Using  these  results  we  calculate  values  of  *017  cal/mole-psi  for  hydrogen 

in  Ta,  and  *022  CBl/wole/paL  for  H  in  colxunbium*  The  value  obtained  for 

columblum  agrees  very  well  with  the  dependency  of  the  activation  energy 

(18) 

on  stress  observed  from  the  yield  point  by  Wilcox  et  al* 
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APPENDIX  C 


BffBCT  OF  THE  STBESS  PIUD  OP  DISLOCATIONS  ON  INTERSTITIAL  DIPPUSION 
The  effect  of  dlffualon  of  the  dilute  Snoek  ataoephere  on  the  flow  etrese 

(  lt5) 

of  iron  haa  been  preriousljr  considered.  Also  there  is  expected  to 

be  an  effect  of  reorientation  of  the  Cottrell  ataosjAiere,  due  to  dis¬ 
location  assisted  Juqpsy  on  the  t^iper  yield  stress.  In  addition  to  diff¬ 
usive  Motion  the  impurity  atoms  acquire  a  steady  drift  velocity  given  by 

/Of /Rt)  F  t  where  F  is  the  interaction  force  provided  by  a  dislocation. 

(20) 

Mura  et  al.  calculated  the  force  on  the  locking  atoms  to  be  given  by 
a  linear  function  of  stress.  It  is  felt  that  the  direct  effect  of  dislocation 
bulging  on  the  interstitial  Jump  frequency  should  also  be  taken 

into  account.  It  is  necessary  to  review  the  theory  of  dislocation-inter¬ 
stitial  interactions  in  order  to  obtain  a  clear  picture  of  the  bound  inter¬ 
stitial  sites.  Ihe  dislocation  and  interstitial  sites  being  considered 
are  indicated  in  Figured. 
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Dm  following  e]q)r68slon  for  the  Interaction  energy  has  been  derived 

(1(6) 

by  Coohardt  et  al. 


■^^00= 


-5«>rv,  \i;(l+i>'4-ec®«,*y)(£,+  Et+£,') 
coba\jr(£t+  £0 

rlSco5'»|/  cose-Y  (65-  E-aHv-  s^\j;£. 


) 


(Cl) 


where  rt  -  S^b  and  represent  the  aartensitie 

arrU-^  ^  '  * 

etralne  along  the  u^tal  axes.  It  turns  out  that  Interstitials  on  axes 
2  and  3  have  a  wide  ■Ininun  In  energy  below  the  slip  plane  ^  ~  TT  ^ 
and,  also,  interstitials  on  axis  2  have  a  sharp  nlniaua  on  the  slip  plane 

(\|r=o). 

I 

FMb  this  result  ve  conclude  that  atons  below  the  slip  plane  provide  nost 
of  the  lodcing  because  there  are  a  larger  nuaber  of  preferred  sites  below 
slip  plane  and  also  that  atons  In  the  slip  plane  attract  dislocations  in 
the  slip  direction.  A  shift  of  inpurlty  atons  fron  below  the  slip  plans  to 
the  slip  plane  lAU  redaoe  the  looking  force  and  also  pull  the  dislocation 
further  along  the  slip  plant.  Our  picture  of  the  Jusp  process  is  indiented 
in  Flgore  C2. 


FIOURB  C2 
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W»  will  new  oaleulat*  the  effect  of  e  etreee  indnoed  dieloeetion  dlepleee- 
■ent  vqpon  ttie  interetltlal  binding  energjr  et  eitee  below  aad  on  the  slip 
plane*  He  refer  to  Figure C3 for  the  definition  of  X)y  and 


Position  A  refers  to  the  unit  cell  with  origin  at  the  natriz  atoa  below 
the  slip  plane*  Position  B  refers  to  the  unit  cell  with  origin  at  the 
natriz  aton  in  the  slip  plane*  Ihe  interaction  energy  below  the  slip 
plane  siag)lifies  to 

_  (C2) 


Bqiiatlng  the  force  cr^  ,  applied  on  a  dislocation  segnent  of  length  b, 


to  the  locking  force  we  obtain 

e  ffs  bV^ 
eA«^ 


(C3) 


where  Yn  is  the  nui*>er  of  locking  atons*  Ihe  energies  at  cells  A  and  B 
bacons  ^ _  A  A 


B  X-X*  X  X  V  X  / 


A  ^cme-  _  A  A  / . 

t-  ~  “  y  y  \  yij 


(CU) 


For  bmU  dislocation  displacements  (keeping  only  tems  linear  In  — 

Xo  ,  ^ 

and  ■  y  -  )  we  obtain 

vy  V/  _  AXo  Ay^b^  gs 

"  2A'>C®r^  (c5) 

The  averages  of  x  and  y  are  set  equal  to  \z/2.  ,  where  R  Is  the  radius 

of  the  atmosphere.  This  radius  has  been  defined  previously  by  Cottrell  as 

n  (hi  )  ( U5  ) 

R-A/k.T  .  Schoeck  and  Seeger  also  confirm  the  applicability 
of  Ihls  definition. 

The  number  of  locking  atoms,  ,  is  given  by  'n’R*ti2CjOr^  ,  idiere  Cx 
is  the  atomic  concentration  of  interstitials.  We  will  assvune  that 
is  .the  same  as  the  concentration  of  the  lattice  interstitials.  In  columbium,  as 
used  in  this  studj^the  atomic  concentration,  ,  is  2.8  x  10  and  this 
corresponds  to  an  atmosphere  of  1  atom  per  atomic  length  of  dislo  cation 
within  the  radius  R  • 

Thus 


AV=  - 


Ab®i?a®crs  _ 

8TTAbR*Cx  ~ 


bo-^a^  JkT 

STTCi  A 


and 


An/  _  bCL?  <Te 

-feT*  “  ~  STTOj  A 


(06) 


(07) 


The  nlcroetrein  rmte  resulting  from  Equation  (C7)  mill  behave  as 


•20  ^ 

As  an  astinsts  of  A,  ve  will  taka  the  valaa  1.5  x  10*  dyna-cm  ,  found 
for  tha  Intaraotion  batwaan  oartwn  interstitials  and  dislocations  in  iron.^^^^ 

Using  our  ei^rassion  for  /3  as  defined  by  Equation  (C?)  we  calculate  values 
of  3*3  X  10~^  (psi)  1.6  X  10*^  (psi)  ^  in  oolumbiun  and  tantalus  respecti¬ 
vely.  Ihe  ejq>ression  for  Involws  the  ijtq>urlty  concentration,  » 

and  the  Interaction  constant  A.  It  can  be  used  to  evaluate  tha  product  ACx 
but  not  either  factor  separately,  nius  it  is  possible  that  the  interaction 
constant.  A,  is  smaller  and  the  concentrations  *  greater  than  the 

values  used. 

It  is  essential  to  consider  an  atmosphere  continuously  distributed  within 
a  radius  R  =:A/^Tin  order  to  obtain  an  energy  change  that  is  linearly 
dependent  on  temperature.  Likewise  the  impurity  atmosphere  has  been  re¬ 
presented  by  Beshers  in  terms  of  a  continuous  Fermi-Dlrac  distribution. 
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AFPENDII  D 


MAONITUDg  OF  iNBltSTIC  SllUIN  NORlttL  TO  THE  APPLIED  STRESS 


The  anelaatle  strain  will  ba  detemlned  from  a  thermodynamic  derivation 

Cli9) 

following  Brinkman  and  Schwarzl*  except  that  we  will  consider  the 
3-dimenslonal  ease.  For  an  equilibrium  condition 


/O  °  c  (£,  t)  ocp  ^  CDl) 


idtera  p  ■  density,  £  >  strain,  -p  ■  temperature,  ■  position 
coordinate,  Uf.  ■  Boltsmann's  constant,  V  <•  potential  energy  due  to 
lattice,  or  ■  potential  energy  change  due  to  stress. 


At  equilibrium  states,  the  entropy  and  Internal  energy  are  given  by 

s=-Jfe[  p 1°  d-f* 

U=J'* 


(D2) 


likir  tiidng  a  differential  change  in  Q, 

TS  ^  -rs.  5\/+<F  6  e 

+  ((v+u-)  -jlj-  da  ie-.  +  Oi  Jioif-,  (lO) 


l]it 


1*1)  a, 8 


and  upon  oalag 


m  g«t 

_  B. <v £a  ■  g f^€x.  .  E  (1-1/^.  0  (l  av 

l-'W-av*  l-or-ertr*  |-/v--2rt»-*  1>S 


core. 


E  ^r-£^ 
l-Or— 


E(l-v)£a 

l-ir-av 


E^e,  ETrfa, 

l-ir-Zv'*’  I -on- £/»/•* 


l-Or-e  or* 


—  j2vi. 


(DU) 


«f  Ee.aff  +  Jpn,- nj, 

EG*  =s  E£3  =  j2y)^  (  l-or- 2  -rtr- ((J- -hjin,— 2/iriin3) 
=  —  or  <r —'V'Xn,  4-i2n^  (\-ar-^  ,  (D5) 
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Bnu  the  ratio  of  traDarerse  to  longitudinal  nolaatle  atrain  ia  glTaa  bgr 


_  (D6) 

jILva, -2nA-j2,i-»t 

and  ainee  Zf\r  <  for  ar<  O-  S 

the  tranaTsrae  atrain  ia  alsfiTa  amaller  than  indloated  bjr  Polaaon'a  ratio. 


U6 


For  TBxy  siaill  niLoes  of  -ty  ,  or  better  «  this  Jsads  to 

-  ®i 

The  eetlTCtlon  energy  of  the  strain  rate  has  a  somenhat  sinpler  form* 


Rewriting  Squation  (12)  in  the  form 

•  I  — 

6  =  C  ^ 


we  hare^  on  using  the  sane  definition  of  as  above^ 


i(+-) 


Rd. 

d(-Tfr) 


C+  l^A-  A-t^  ■%  ] 


(E5) 


Qx 


(16) 


U8 
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